
UNCLASSIFIED

AD 273510

ARMED SERVICES TECHNICAL INFORMATION AGENCY
ARLINGTON HALL STATION
ARLINGTON 12, VIRGINIA

UNCLASSIFIED



NOTICE: When govermnt or other drawings, speci-
fications or other data are used for any purpose
other than in connection with a definitely related
government procurnnt operation, the U. S.
Government thereby incurs no responsibility, nor any
obligation whatsoever; and the fact that the Govern-
me'nt may have formlated, fumished, or in any way
supplied the said drawings, specifications, or other
data is not to be regarded by imp-lica i n or other-
wise as in amy manner licensing the holder or any
other person or corporation, or conveying any rights
or permission to manufacture, use or sell any
patented invention that may in any way be related
thereto.



rr

.6 SA'' I S I U E Of T C N L G

LIC L U:5 -R TORY *ge



Best
Available

Copy



AFESD- T R - 2.1

I HE DESIGN OF SEMICONDUCTOR -DIODE DE VECTOR CIRCUITS

by

G, R. Curry

M. Axeibank

ABSTRACT

A theoretical and experirnental investigation has, been made c.'

the design of detector circuits using ,emiconductor diodes. The de -

tector circuits are intended for use with t rdneistor c ii cuits having

impedanc: levels of a few thousand ohms and current levels of a few

milliamiperes at frequencies up to 100 Mcps. Higi-ipedanec detet tors

useful for measuring the level of a CW signal, and pulse detectors havirRg

rise-times of the order of 0. 1 piset are toidered.

A surve-, of the literature on detector -k irc uit de-nigza nnd semi-

conductor -diode theorv is given. Be ause of the complex nature of the

semic onductor -diode, detv tor -cir. tut anal vsvs tis ing simple diode

equivalent c irc uits do not yield accurate results At high signal fre-

quenciec. On the other h-tnd, the resuilts of theorttial diode studies

are too .ompl ex to be is d for praq tit alI dtetto r - i rot (i ii: t

,etor--s~gn proC eduare. Imsed on s-mit onuit tor theorv

is ni es ented that lPermiit,. tht. (,lo watdion of dete, str -% ir tat pie do r t"ni V

on tht bas..; of meastirements of *heu paranietter- of the ditode to be

used. The effes, t s of I refltn V. diode lmru mete r- (let tor ltmd and

driving tir: uits, tenipe-ratutre, and ouuiput , uinlinig art, oisidvired.

Meatsure rvent s are reporte-d t hat shomv good( tg reemenit with .011 ulat ed

detec tor -t iro kut pt-ifortimt o o r fl'o'Ir.ott rangv.- of the paramevters

for high-1)Rdt1 Vipil it'a )(] S (ulsvdct- tor.- ui.itig g4 1tihona111111 anud '111tlco

(110(10. _ AST I A



rhe app!lication of the design theory to the prartica] design of

detector circuitL. is given in Setion V. Somplc. design., of both high-

impedane and pulse detectors are carried out. dnd measurements on

sample detectors are reported. Measuremf nts for evaluating the per-

formance of several diode types in high-impedance t nd pulse dettctor

t irt uits are prt sented
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L. Introduction

1, Scope of the Study

The design of semiconductor -diode detectors intended for use

with low-level transistor circuits in th- 10-100 Mcps frequency range

is investigated. The detectors operate with input currents of a few

milliamperes and at impedance levels of a few thnuiand ohms. Varia-

tions in detector -iirrmht performance with temperature are considered

at ambient temperatures from 100 C to S00 C.

A procedure, based on spiniconductor -diode theory, is given

fo: the design of the 'leteLtor t'rcaits, The design procedure makes

possible the approximate calculation of the performance of a detector

circuit after a few basic measuremetnts have been made on the diode.

Two types of det.'cturs are studied:

1.High -impedance detector This detec tor produces srniall , irk ailt

loading for CW mignals and has near -

Ideal effit sency Becaust- of its slo

pul s ricspoIs e aind the hed y hload ing

Ili-it it 1;rusents tit Ilt.cd signatls oi

2. P~ulse dttetor Tim,~ detuetr I, it-dsigned for a -,pvt itit

rist, -tinit Dlm'et tori. with nIe *tiyiics

.%% %hlu I at. 0. 1 1111t rozvt ond hlti v lbet-1

hi)i u I aod I vi' ed (A T1i dtt tor nplut

ii11I'(dan i s ti t t ht order o'uf .h tv\%

St~. I It. high - I 1(iL k d~Ilk v d 4 te 1"kI tI



2. Basic Circuit and Definitions

Since the operation of a detector is affected by its signal source,

and a detector driving circuit is loaded by the detector, it is necessary

to design the detector and its driving circuit together.. Figure I is a

diagram of the basic circuit. The input signal from a transistor ampli.

fier is assumed to be a sinusoidal current of angular frequency w and

peak amplitude Iin . The output resistance of the source transistor is

included in the circuit load resistance RA ' The resonant circuit,

LA-CA , is tuned (with the detector connected) to resonate at angular

frequency w . Due to the non-linear characteristic of the diode, the

diode current i is greater in the positive directiov than in the negative

direction. causing the voltage v L developed across the parallel com.

bination of the load resistor R L and the load capacitor CL to have

a positive DC component VL . This voltage has the effert of back-

biasing the diode, thereby reducing the c urrent flow until an equali-

brium condition is reached. The current efficiency eI is defined as

the ratio of the DC component 10 of the diode current to the peak value

of the input current Iin ;

. I V L

in in 1.

Sin e the detet tor t irLit presents a non-linear load to the

sinusoidal ciirrent source, the detector 'ipist voltage % wail not, in

general, be sinusoidal. In many tases, however, the lt var load pre-

setittd by RA .wit the nhoting of hrmomat .urrents by CA (ause

th dett tol inplit voltlage to be nearly s iiu soidal ii1 spate of the non-

Z
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linear loading of the detector itself. Since circuit analyses are greatly

simplified when v is sinusoidal, it is convenient to assume that this

is the case. The departure of v from a sinusoid can itter be cvaluated

and appropriate corrections can then be made.

When the detector input voltage is assumed einusoidal with peak

amplitude V , the detector voltage efficiency * ev is defined as the

ratio of the DC component V L of the detector output voltage to the

peak input vnltage V '.

V L

ev - V -

Tht. detector input resistance is defined as the ratio of the peak input

voltage V to the peak value of the omponent of diode turrent II

having the same frequtency and phase as the input voltdg t

V
In I

The detector input calt. itan e 1s dt-fintd a the ratio of 11,v ,omponent

of the diode (urrent 1I1 having i .- ane frequent v ab th, lnpit voltage

and leading it bV 900. to the produt t of the angula r fre.rquen, v -, tid

the peak inpin voltage V

Ii"

*Current lli it-tit y aiid volttge eff i (t V a rt not tru, ,fit i t-ti , tIi t but
mert-ly rataioz of output to Input signals

4



When v :s assumed sin'-oidal the current efficiency is given by

e v  RA Rin
ei -" R T"

3. Procedure

A study of the d( or literature has beeni made. A-i annotated

bibliography appeirs at the ',nd of this report. A survey o' the detector

literature showing the development of detector-circuit theory and

applicable semiconductor-diode theory is presented in Section II

Because of the complex nature of the semiconductor diode,

theoretical studies have not yielded results that are directly applica-ble

to quantitative design of detector circuits employing semiconductor

diodes. However. the theoretical studies have provided a basis for an

approximate design procedure that is presented in Section 11., This

design theory permits the calculation of the voltage efficiency, input

resistance, and input capacitance of a diode detector (assuming a

sinusoidal input voltage) over restricted ranges of the following para.

meters:

I. Diode type.

1. Load resistance R L.

3. Load tapacitance C1.

4. Signal frequent V

5. Input voltage V

6 Ambient temperature.

The effect on detector performance of AC and DC coupling of the de-

tector output is disa ui.ed in Set ton 1ll-7 An exprtes~icn for the



departure of the detector input voltage from a sinutid is presented,

and a qualitative discussion of the effect oi this departure is given in

Section I-S.

The results calculated using the detector-design procedure are

compared with measurements for both high-impedance and pulse de-

tectors in Section IV. Measurements are presented tht show the

rfiect of a non-sinusoidal detector input voltage on detector performance.

The application of the design theory to the practical design of

detector circuits is discussed in Section V. The design of both high-

impedance detectors and pulse detectors is illustrated by examples.

Measurements of the performance of sample detectors are reported.

Measurements that compare the performance of several diode types

in both high-impedance and pulse detectors are presented.

4)



11. Surve of Detector Literature

1. Approximate Analyses Limited to Low Frequencies

Early detector-circuit theory was developed fnr vacuum diodes

at comparatively low frequencies. Reactive effects in the diode are

neglected. 1-4* The diode is usually assumed to present a constant

resistance R. to current in the forward dir'ection and to allow no
1!-3

current flow in the reverse direction. A typical voltage-current

characteristic for such a diode is shown in Fig. A.

When the detector load time constant RLCL is much larger

than the reciprocal of the angular signal frequency w , the output

voltage vL is almost entirely DC. I the detector input voltage is

assumed sinusoidal, the diode current pulse is a portion of a sinusoid

as shown in Fig. A. The voltage efficiency is then

C a L acoso
v V,

where the angle 0 *C is given by an expression obtained by integrating

the current pulse*e*:

tar. 0 - 0 Fw 17"
L

*Refer to numbered references in the bibliography

**The angle 0 is equal to half the total angle during whi(h conduction
takes place.

***This expression is derived in Referenme 3. p. 35. and in Reference
4. p. 641 A plot of e v vs, R/R. appears in Reference 3. p. 351.
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DID VOLTAGE

Fig. 2. A simple assumed dioe. static characteristic.
Dioe voltage and current are shown for a particular
driving voltage and detector configuration.
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I
The voltage efficiency approaches unity for small values of R iJRL,

and decreases as R /PRL increases. The input resistance of the

detector is obtained by a Fourier analysis of the current* pulset

in S (1)

The imput resistance approaches RL/a for a voltage efficiency near

unity, and increases for smaller voltage efficiency since less power

is transferred from the input circuit to the load resistor. The voltage

efficiency and input resistance are independent of input signal level as

a consequence of the assumption of constant diode forward reaistance.

Since the load capacitor is assumed to be a short circuit at the signal

frequency, the diode current is in phase with the input voltage and the

input capacitance of the detector circuit is sero.

When the detector load time constant RL C is not large com-

pared with l/w . the detector load capacitor CL discharges appreciably

between current pulses, and is recharged during the current pulses.

In this case the detector output voltage vL is not pure DC, and the

atove results are not valid. Marique I has shown that the voltage

efficiency is a function of RF/RL and WRLC L . but the dependence

is not given in closed form. Graphical calculations of the voltage ef-

ficiency are given for several values of the parameters *5 The

*This expression is derived in Referenct 3, p. 352.353, and in
Reference 4, p., 641. A plot of Ran/RLvs v appears in Reference 3,
p. 35Z.

**The results of these calculation are given in Reference 1, p. 4l This
work is also summarised in Reference 3. pp. 364-370, with the results
of the calculations presented on p. 369.

9



voltage efficiency decreases when wRL C is reduced below a critical

value that depends on R lIRL . As RI/IL is increased, the value

of WLGL at which ea begins to fall is reduced.

No exact solutions for the input resistance and input capacitance

are given for the case when R LCL is not large.* Power relationships

give an estimate of the input resistance: The detector input power Pin

is equal to the power loss in the diode PD plus the DC and AC power

dissipated in the load resistance, PLO and P respectively.

Pin s PLo 0  PLI + PD *

PLL + PD ZV a R

in Pin VIR L

R in I I PLI + P D

1r(1-7-7Lf 1
L At ev in

Thus if the power loss in the diode PD is approximately the same as

for the large load time constant case giving the same efficiecy, and if

the AC power dissipation in the load resistance PL is small com-

pared with the input power Pin ' then the detector input resistance is

given approximately by Equation I with

-l
too e .

*An approximate method for calculating e v , Rin, and Cin in this case
is given by Whalley, et al , in Reference 4. pp. 643.644. No estimate
of the accuracy is given.

10



When .LI or the increase its PD is appreciable compared with Pin

the detector input resistance is smaller than given by Equation 1. Whe.

RLCL is not large compared with I/w : the load capacitor CL is not

an effective bypass to the signal frequency, and a capacitive component

of current flows in the detector circuit, resulting in a non-zero value

for C in.

When semiconductor diodes are used in detector circuits, the

above theory is extended to take into account the back conduction of

the diodes by assuming a constant resistance RR to current flow in

the reverse direction, while retaining the assumption of a constant

forward resistance RF.' S Using the same methods as above, and

assuming RLC L much larger than l/w,

tan O-O RFRL+ Rl1RRW 1 '- R R

e CosO

R in
L R L  20 - sn 40 LG tn0n 0 +I

R

Plots of e V and R in/RL as functions of R R/R L with R L/R F a a

parameter are shown in Figs. 3 and 4 resptidavely.* The voltage ef-

ficiency is nearlI equal to that for infanate back resistance f R R/R L

*These curves are s'Mal4r *tJ thost, in Reference 4, p. 642, but show
greAter detail for ov lues f RR/RL

11
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Fig. 3. Voltage efficiency a a function of SLfor several
Values of R

Fig. 4. Normlized input resistance at a function of l/
for several values RL/RF.- (See text.)



is greater than five; for values of RR/RL less than two it is substantially

lower. The input resistance is reduced from the value for infinite back

resistance at larger %alues of RR/fL than those that affect the voltage

efficiency. Values of RIn/RL , corresponding with points to the right

of the broken line in Fig, 4, can be calculated with less than 10 percent

error by taking KR in parallel w ith the input resistance calculated with

an infinite back resistance. This includes most cases of interest.

A further attempt to approximate more closely a semicondu.tor-

diode characteristic is to move the break point in the assumed broken-

linear characteristic from zero to some small positive voltage V.

Figure 5 shows such an assuwed characteristic along with a measured

static characteristic of a semacinductor diode. (Note that different

current scales are used for positive eand negative current. ) The equa-

tions for ev and Rin , assuming RLCL much larger than I/w are

as follows.

tanO0 -e 0 L o R~.R1 I"'- /RR.  /

IVV

e cos 0 B V it Vv 'o

in - I

L 0 B RL H -0 sn 20 RL
vts 0 , _ tai 13

13
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\SLOPC /

Fig. S. Com wirhvn of a typical measred diode static
Chrteristic with m broken.line approximation. (Not.
chlng of current scales.)
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C¢i =0,

V
(> for V 5 V.

RRR
Rin R

No rectification takes place for input voltages less than V As V

becomes larger than VB . the voltage efficiency increases aind the

input resistance decreases, both approaching the values previously

given for V 8 a 0 as V becomes much larger than V
B B

Because of the errors in approximating a semiconductor -dicde

static characteristic with two straight lines, calculations of voltage

efficiency and input resistance tising the above results give values that

ar - inaccur ite even at low frequencies. However, the analyses do aid

in understanding detector-circuit operation and often give useful qualita-

tive information. Studies of more complex detector circuits and of

the response of detectors to modulated signals A 33.3S often employ

these approximations to simplify the analyses and obtain conoise

solutions.

Z. High-Frequency Analyses Based on Eguivalent Circuits

Reactive effects in semiconductor diodes tan not be negle.ted in

the design of detectors for the 10- 100 Mtcps frequency range. The

capacitive effect of the barrier in a semcrjnductor diode has long been

recognized. '7 More recently, semiconductor theory has shown how

charge storage in a diode can result in &in additional capacitvt, turrent
8,9

acrosc the jun('aon. and. at high forward turrents, in an inductive

effect in the semiconduttor material Around the junction. While

efforts art made to rcdw. e the mtgnitude of these v'fft ts in fabt

I S



switching diodes, they still are significant in determining the per.-

formance of the detector circuit in the 10-.100 Mcps f requency range,

A classical equivalent circuit for a semiconductor diode that

takes the harrier capacitance into account is shown in Fig 6a. 57rhe

resistance due to the ohmic resistivity of the semiconductor material,

called the spreading resistance, is represented by R. . The barrier

capacitance is represented by C8 , and the resietance of the barrier

is represented by R K The assumed value of the barrier resistance

R 8 vrries with the voltage across it; for positive voltages it iakes on

a low value, and for negative volta&ges a high value. Lapostolle S

prirformed a transient analysis of a detector circuit using this equiva-

lent circuit for the diode. He set IRS equal to an assumed diode

forward resixtance R . and let R8take the value zero or R R K

for voltages across RDin the forward and reverse directions

respectively., At low frequencies, these assumptions 4orrespond to

the assumptions of constant forward 4nd back resistances an the pre-

ceding analyses. The results of the transient analysis arndit-Ai. that

the effect of C 13is to reduce the dletec tor voltaige effi ien( y and input

resistance at high frvq-tency below those obtaned when C Bis

negligible. The input resistant is afle4 ted at a lower frequent V than

the voltage efficienc y. Experimental verifit Ation ih Ili% en .io . oo M( ps

Apparently at this freqiienc v the e06et I of (harge stor4gv is nuglagihite

compared with the effect of the~ barrier c apa.. itritie in thf, diode that

was used., Other studies 689show that ct srmc :%toaa.q tan not be

neglec ted in the- 10-.100 Mt ps I recuti r.~iige.

10
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1t b 1

V0

C RI IIJ

Fig. 6., Two equivalent circuits for diodes:
a) Classical ejivalent cir.uit. b) Equivalent
circuit proposed by Heinlein.
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A semiconductor-diode equivalent circuit that takes charge

storage into account is given by Heinlein and is shown in Fig. 6b.

The capacitor CB represents the barrier capacitance, and the capaci-

tive charge-storage effect is represented by CS in conjunction with

the switch S . The charge-storage capacitance CS is typically S0

times the harrier capacitance LB , but its value vries with signal

frequency and applied voltage. The switch S is closed when the

voltage vD across the junction is positive, allowing CS to take on

a positive charge, but the switch opens when VD becomes negative,

preventing CS from taking on a negative charge. The barrier re-

sistance RB is assumed to take on a value of zero or infinity depending

A
on whether the voltage vD across it is positive or negative. The

battery V. prevents current flow through RB until the junction

voltage VD is greater than V B . The combination of RI R and

L1 reps'esents the bulk impedance of the semitonductor material.

At low frequencies the bulk impedance is the resistance R, , but at

higher frequencies the impedance increases an-d becomes partially in-

ductive. At very high frequencies, the impedance is agsin resist-%"

but with a value R| I R2 *

The physical significance of the variou% portions of this equiva-

lent cir.uit for a semiconduttor diode is best u.nderstood in the light of

semiconductor theory, a suminmary of which ib given below. l-leil in 6

justifies the equivalent cir uit on the baisis of measurements made on

actual diodes. Because of the complhxity .t the diode -equi alent cir-

cult only a qualitativ, aiaalytis of t'w operationi of a doete to r t irttit is

given. The analysis shows ,i -. duct ion of the dettc tor -t irt uit input



resistance with increasing frequency, due largely to the effect of the

charge-storage capacitor C5 . A smaller reduction is noted in voltage

efficiency. due principally to the effects of LIin w~e bulk impedance

and the charge-storage capacitor C.5 Experimental data are given

that verify qualitatively the results of the analysis.

3. Basic p-n Junction Theory

The complex nature of the s :niconductor diode makes it difficult

to represent the diode by a combination of conventional cir -uit elements

with Pufficient accuracy and simplicity to allow an accurate analysis of

a detector circuit in the 10-100 Mcps frequency range, Another

approach to the problem of designing detector circuits is to investigate

the physical mechanisms of diode operaton and develop formulae that

can be used with circuit equationsl to calculate quantitative resIults.

The basic theory of p-n Junction semicondo't tor diodes has been

developed by Shockidey. B.9Dialtram. of two types --f iades are mihown

in Fig. 7. Figure 7 a is a diaglram of A planar p-n juntion diode but h

as is analyzed by Shut kle 8 ,9 and others. 10,22 Figure 7h i-howst a

moedel commonly proposed 1,3416for point -tontact 3nd bonded

diodes. Mhe bastio operation of both types of diodet. ia% brid-lv ro-viewed

in the following paragraphs.*

Impurities are present in the n -region sth that at equalibrium

the concenltration f free. ele t rons is, much greater than the 4ont ent ra%

I ion of holes, liente in the ni-rvgion electtrons are tailed majority tur

This (lit tutsioll fol lowh that of Slht v Roterent v. 8 pp. 4%6-462, and
v9 pp 4011-31Hl

19
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I
rent carriers and holes are called minority current carriers. In the

p-region the roles of the holes and electrons are reversed. When a

positive potential difference is applied between the p- and n-regions,

holes aro injected across the barrier into the n-region, increasing the

concentration of minority carriers in the n-region above the equilibrium

concentration. Since the resistance in the p-region to the flow of holes

is small, the flow of hole current across the junction is largely deter-

mined by the action of the holes in the n-region, where they are minority

current carriers. Similarly, the flow of electrons across the junction

is largely determined by the action of the electrons in the p-region

The total diode current is the sum of the hole and electron currents

crossing the junction. The magnivtdes of the hole and electroni urrents

are not in general equal, but depend on the geometry of the diode and

the concentrations of impurities in the p- and n-regions. The following

discussion considers only hole cur, ent, but ietntical reasoning yields

analogous results for electron clirrent.

The hole-current density in the n-region J i1 given bh*

Jp p PE - qDp V-p

wtkre

p - hole density

E clettric field,

D - hole ditiusion tonstatit,

*Refert .e 9, p. 308, Eq..atiun t)



&p hole mobility =q D,/kT

q electron charge

k Boltsmazn's constant,

T absolute temperature.

The first term represents the drift current and the second the diffusion

current. The hole density in the n-region is given by the diffusion

equation,*

p

where Pn equilibrium hole density in the n-region,

7 hole lifetime.
p

The second term represents the reduction in hole density due to the

flow of hole current. The first term repreventa' a reduction in hole

density caused by the recombination of holes with frce electrons in

the n. region. The average distance a hole travels before recombining

is called the hole diffus ion lenpth L p and is given by***

L P D T

*Refe.resnce 9, p 300, Equaion 4.

'P 0 Referenck- 9, p, 313, Equation 13

***Re-ftrvni.% 9). p. 314, Equaition 18



Shockley solved the above equations under the following

assumptions:

1. The 'inction is planar (as shown in

Fig. Ua). This reduce* the equations

to a single dimension.

Z. The junction is narrow compared with

P the diffusion length L . This permits
t p

neglect of recombination in the junction

region.

3. The p- and n-regions are long corn-

pared with the diffusion length L .

This provides a boundary condition fur

the diffusion equation,*

p . for x>>L .p

4. The- hole density ilt iah Inwer than the

equilibrium electron density. This, in

conjunction with Assumption 2, provides

the &aecond boundary condition:**

p neVD q/ kTfox-0

where V Dis the voltage across the

junction.

The Use of this boutida ry tc~,ciin is imieitd by Shoc kley. .9I is
Llearly stated elscwhert 3.Z

*0Reference 9 p. 312. Equation 8



5. The diode current is sufficiently small

so that the voltage drops across the

diffusion regions may be neglected.

With this assumption, the voltage across

the junction TD is equal to the voltage

applied to the diode vD . This assumption

also allows the neglect of the drift cur-

rent in the current equation.

6. The recombination time 7 is con-
p

stant.

The validity of these assumptions is discussed in Section 11-4.

With the above assumptiono, the current and diffusion equations

become

Jx = "-ijL)

p

where J it the hol.-curiteat density in the x direction. The

boundary conditions become:

p(O) -Pn e V,2 (4)

P(-0) -Pn

24



Shockley, givs the solution to these equations for a diode voltage

D of a small AC signal of angular frequency w superimposed on a

DC bias:

V V + Ve j w t

where V << kT/q The diffusion equation is solved and the result

substituted into the current equation. The hole-current density at

the junction is found by setting x a 0

The DC hole-current densitV, 3 is found to be
Po

qprD Vq/kTqp D (e

Po L p

The DC hole current 1p, is obtained by multiplying the DC hole-current

density by the junction area A :

qAp nD q/kT
Ipo -I) 

A corresponding exprestion is obtained for the DC elet',ron current

in, . and the total DC diode current i is

( DnA 1n D V Uq/kT1o  1 IP, + InO + A i + = ) (%. . 1 ),.

p n

It is conNenient to define

F p D til 13 11

I A I"P + L - (fr wide planiar diode).
L .



Then

S 5 (e V0 q/kT (5)

This is the conventional* expunential expression for the DC clharacters-

tic of a semiconductor diode. For large negative applicd voltage V 0

the DC current approaches Is . Hence Is is called the reverse satura-

tion current,

The AC hole-current density J P and hole current Ip, are

given by

qpnP V q/ kT
n (I +jWi 7 e 0 Vpp p

qApn tt Xp) V q/kT

z ' (I + jwT e V
pp p

At a fixed frequency, the hole current varies exponentially with the

DC bias voltag%! V. , and hnearly with the applied AC voltage V .

The latter result is a consequence of the assumption that V is Hiut n

smaller than kT/q , which is equivalent to assurning that the diode

is linear over the range of V The frequenty dependence of the hole

current as giv'n by the term (I + j wT 7! It is convenient to

defiie the .ffective hule-diffusion length Lp. for the diode being con-

sidered to include this frequency dependence:**

*Referenct 7, p. 82.

**See Rt'fertume 10. p. 118.
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k

!Lp

L= ~for wide planar diode).

The AC hole current is then

I qAp1 Ap1  
o 7q/kT

PI'

The real and imaginary parts of the hole current, normalised

by dividi g by the low-frequency value of hole current, are plotted as

functions of WTp in Fig. 8. The curves for W n/L p z :@ apply to

the diode having wide diffusion regions that has been considered. The

real part of the hole current (in phase with the applied voltage) is

nearly constant with frequency at angular frequencies well below 2/rp

and increases with frequency at a rate approaching 3 db per octave at

angular frequencies well above 2/r . The imaginary part of the hole

current (leading the applied voltage by 90 degrees) increasbs with

frequency at a 6 db-per-oct&ve rate at angular frequencies well below

Z/*p, and lessens its rate of increase to 3 db per octave at angular

frequencies well above Z/pr Thus at angular frequencies well below

2/1p the diode hole current is analogous to the current through the

parallel combination of a fixed resistance and a fixed capacitance. At

angular frequencies well above 2/rp the resistor and capacitor both

decrease in value with increasing frequencV at a rate of i db per octave.

The corresponding expression for the AC electron current I

is

z7
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fiA nPn Vq a/kT
in 6 LnW

where

L
Ln. 775 , (for wide planar diode).

The AC electron current behaves in the same way as the AC hole cur -

rent, but sir..e the constants in the expressions are different, the

magnitudsof the two 4.urrents are in general different. The frequency

dependence of the normalised electron current is given by Fig.. 8 if

the horisontal scale is calibrated in units of w 7 n , which will in

general be different from wTp . The total AC diode current is

V 0q/kT pn p  nnPn

IiI p nl qAe 0 (- f)V. (6)

The total AC diode current varies with the applied DC bias and AC

voltage in the same way an the hole and electron currents. The varia-

tion of I with frequency is the appropriately weighted averape of the

variations of I and In  with frequency

The above analysis may be modified to apply to a planar diode

having diffusion ,egions that are not long compared with the dftt'tsion
10

lengths In this case Assumption 3 is not valid, and the. boundary

condition given in Equation 2 is replaced by

p -p for x W
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qAnnILn  V° q/kT

where

L a - . (fo wide planar diode).
W (I + JWo

I The AC electron current behaves in the same way as the AC hole cur-

rent, but since the constants in the expressions are diffetent, the

magnitudes of the two currents are in general different. The frequency

dependence of the normalised electron current as given by Fig. 8 if

the horisontal scale is calibrated in units of w T . which waill nn

general be different from w T The total AC diode current isP

V° q/kT p nn Pit

I1 p n qAe ( a [-V)R. (61

The total AC diode curront varies with the applied DC bias and AC

voltage in the same way as the hole and electron Lurrents The vatria

tion of II with frequency is the appropriately weighted average of the

variations of I and InI with frequency.

The above analysis may be modaited to apply to a planar diode

having diffusion regions that are not long compared with the diffusion
10

lengths. In this case Ausumption J is trot valid, and the boundary

condition given in Equation 2 is replaced by

p ; p for x W
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The DC diode current 10 for the diode having narrow diffusion regions

is again given by Equation 5, but the value of the reverse saturation

current is given by

q qA p

(for narrow planar diode).

The AC diode current I is given by Equation 6, but the effective

alffusion le .gths LpW and Ln. that determine the frequency dependence

of the AC current are given by

Lptanh [Wf 1~ *. wTp)J
Lpt n LP(I + j W jw )

S((for narrow planar

I] diode).

L 0tanh W /Ln( +JwTn )L n T 1lI1 ll l Z'

The real and imaginary parts of the AC diode hole current lil , nor-

malized by dividing by the low-frequency value of Ip , are plotted as

functions of w T  in Fig. 8. Curves are given for values of n-regionp

width W n of Lp anc L /4 . along with the curves for the wide n-

region case. The curves show that. for the same value of T1',, a diodep

having a narrow n-r-gion maintains t. low.fr..-qlmenc -.vhvr !c

higher frequenties than a diode having a wide n-region. The change

in the frequency dependence is marked only if the n-region width W

ix smaller than the hole -difft bion length I. The ( ures 'f Fig 8

also give the normalized ele' tron t urrent if the horizontal stale is

taliarat.d am inits of . r
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The analysis of a diode havirg the hemispheric configuration*

shown in Fig. 7b can be made by writing the diffusion equation and

current equation in spherical coordinates and assuming only radial

variation of hole density and hole-current density. If Assumptions Z,

4, 5, and 6 are applied, the diffusion equation and current equation

take the form,

P " P n + D" T .4O

iPr q "Dp r

where JPr is hole-current dpnsity in the radial direction For the

diode shown in Fig. 7b, the boundary condat.ans become

p(r 2 ) p e q/t

p(r 3 ) = Pn

It is assumed here that the diode base material is n-tVpe a:id that the

small volume around the contact point is p-type A corresponding

analysis of p-type base diodes can be made following the same pro-

cedures,

The solution of these equations shows that the DC and AC diode

currents 1° and I I are again given by equations S and 6 respectively

In this cah,, the rev.rse saturdt ion t urr nt I is given b

*Sce for exin.ple Reterunt u, 13 atnd 14



Is 0 nD( I t I )

nn pr -rr
L tanh Z

(for hemispheric diode),

and the effective diffusion lengths Lp and Ln are given by

0 +jWT p ) / ? _ 1

p LP p

+ j wT )l/T

n = n

t--t

(for hemispherit. diode).

The first terms ai the above expressions are equal to the expressions

for I/Lpw and I/Lr, for a narrow planar diode having corresponding

p- and n-region width.:

Wn z r3- r 2

W rz r

T '. real part of I/LP, to largier thai that for th iiarrow planar diode

by I/r 2 ', and the real part of 1/1., is tiraller by thet same amont

The vartatiti of thte real parts of the AC hole and elcturot torrents

S4



V
with frequency is shown by an exanple in Fig. 9. The hole and electron

currents are normalized by dividing by their low-frequency values,

and are plotted as functions of w Tp and wT n respectively. The

addition of the constant term to the hole current extends its low-frequency

behavior to higher frequencies, while the subtraction of the constant

term from the electron current reduces the range of low-frequency

behavior. *

The analyses given above show how the diode operation is

affected by the changes in geometry:

I .The DC current and the low-frequency AC

current are changed by a constant factor

2. The frequency dependence of the AC cur-

rent is modfied,. The frequency range

over which the diode resistance and capa-

citance are constant is extended by making

the diffusion regions narrow, and by using

the hemispheric geometry (providing the

hole current predominates).

4. Limitations and Extenaions of Basic p-n JutnLtion Theory

It is necessary to examin, the assumptions made in the analyses

of diode operation in hetiton 11- to determine the applicability of the

results to cirLuit design problems., Atinumptlion 1 2. and 3 concern

the geometry of the diode., When diodes having geometrv different

*'See Rerence 13. pp '0-41
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from that a-%alyzed by Shockley are considered, an appropriate diode

geometry is assumed and Assumptions I and 3 are modified accordingly.

For each type of diode, the geometry assumed is generally thought to

be valid,* at least to a first approximation. Substantial discrepancies

between theoretical and experimental results are explained by other

effects. Aasumptions 4, 5, and 6 are found to be vahd only at very low

signal, levels ,** much lower than those normally found in detector cir-

cuits. Much work has been done to extend the analysis to obtain re-
11-27

sults valid at larger signal levels,

For applied DC voltages of the order of 0. 1 volt and larger, an

appreciable part of the applied voltage is developed &crops the semi-

conductor diffusion regions. resulting in the junction voltage T D being

smaller than the applied voltage vD . Classical theory*** took this

into account by assuming a resistance RS . called the spreading re

sistance. in series with the dind junction. Equation 5 then becomes

V F/k I vD - i RS)qI s[ kT" -I

For large applied voltages, the toal diode resistance was assumed to

approach RS ' Semiconductor theory shovs that as the diode current

increases, more charge carriers are present in the diffusion regions

and the bulk resistivity of the sem.conductor is thereby reduced 13 ,16,18

*For example see Refere.te 8, p 456; and Reference 14, p 270.

**Se Refer-nc es 13. 14, 15, 22, 23, and 24

***Sce Reft-'rt-nce 7 p 83
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The diode spreading resistance is not, then, a constant, but decreases

with increasing forward current.

The semiconductor bulk resistivity is reduced or.1y after the

carriers flow into the diffusion regions. Therefore at high frequencies

the diode current tends to lag behind the voltage across the diffusion
Z5-27

regionf, giving rise to an inductive component of the bulk impedance.

The effect of this ind,,ctive reactance is larger at higher forward cur-

rents and at higher frequencies.

An appreciable voltage across the diffusion region results in

a drift component of current that can no longer be neglected in com-

parison with diffusion current. When the drift current term is retained

it the current equation, the resulting diffusion equation is non-linear,

making its solution extrem.y difficult * Some of the papers 11.13,14.19

discussed below take into account the drift current and. by making

appropriate simplifications, obtain solutions for the static diode charac-

teristic

When the concentration of minority carriers near the junction

approaches the equilibrium conctntration of majority carriers, the

solution of the simplifi,-i Afftision equation (Eqiation 3) using the

boundary condition given by Equation 4, is not valid 14 22.23 This

condition exists in practit al diodes at levels tar below those normally

found in detector cirttal. ** Rittner 2 has modified the diffusion

equation so that the simple boundarN condition given in Equation 4 may

*Re'ference 22, p 1163

**Set. Reference 14, p 21&, ard R'hfrente 22 p 1I 4 Equations 28
to 32 in Rfeft're, v 22 are, applit abl, to diodes as well as tcanbistors
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be applied at high levels. A general solution of the modified diffusion

equation is not given. MisawaZ3 , 2 4 has derived a modified boundary

condition that can be used with the simplified diffusion equation given

in Equation 3 at high levels. A general solution of the diffusion equa -

tion, using this boundary condition, is not given.

Hall has shown that the recombination times T and T arep n

not constant when~the concentration of minority carriers approaches

the coaatentration of majority carriers. The recombination times de-

crease with increasing forward current from their low-level vaiues

and approach constant values when the minority-carrier concentrations

bcome greater than 100 times the majority-carrier concentrations.

If T and T are known as functions of DC current, then the smallp n

signal (V << kT/q) AC current is still given by Equation 6., For

larger AC signals, T and T vary with time, making the solutionp 'a

of the diffusion equation difficialt.

Factors that affect the diode current generally affect the hole

and electron currents crossing the p-n junction by different amounts

Thus, the portions of the total diode current carried across the junctioni

by holes and by electron vary with signal level and signal frequency.

A Lomplete solution for the diode current resulting Iroti large

applied AC and DC voltages is extremelv difficult to obtain Several

analyses have yielcd solutions for the static diode characteristic 11.13,18.19

In each of these analyses specific diode parameters were assumed

and appropr.ate samplifaLations and appeoxirations were made. The

characteristics were then calculated numerically Three typical static

charact-ristscs obtaiamed ii, these analysts arte shown in Fig, 10 along
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with a curve representing an "ideal" diode having an exponential

characteristic. Although the parameters assumed in the analyses

differ somewhat, the shapes of the three curves are scen to be

similar. In each case hemispheric geometry, appropriate for point-

contact or bonded diodes, was assumed. Each of the characteristics

departs from exponential at approximatcly 0. 1 volt; the current rising

le rapidly for larger voltages. Swanson 16 gives theoretical justifi-! vDq/ZkT

cation for a region following an e characteristic in the range

just above 0. 1 volt. At high levels the characteristic becomes

approximately quadratic.* Comparisons of the calculated characteristics

with measirments give good agreement.,

lArge AC signals are treated in the classical theory** by neg-

lecting reactive effects and assuming that the diode current-voltage

characteristic is exponential:

VD q/kT
Is(c - I)

For an applied voltage

vD z o +

the DC and AC diode current componetit are given by

*Reference 16. p. 320.

**Reference 7, p 155, alld Referu.nce 10.
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[.VoO q/]

where 10 aid 11 are modified Bessel functions of orders sero and

one respectively. Since reactive effects are important in the IG-100

Mcps fr quency range, and the exponential characteristic is not valid

for voltages greater than 0. 1 volt, this treatment is not particularly

useful for detector-circuit design.

Large-signal analyses that take into account departures oi the

diode characteristic from exponential and diode reactive effects lead

to Lomplex equations that are diffic'At to solve. In one analysis a

simplified diode model was assumed consisting of a resistance in

series with a diode that follows the smnAll -signal equations at large

signal levels. Even in this case numerical methods were necessary

to obtain a solution While the possihility exist, of solving the com-

plex diode equations by using an analog or digital computer, the

necessity of tabulating bolutions for large ranges of many variables

rr'kes such a method of questionable vAlut, fur circuit design

S. Diode Reverse-Bias Characterislics

The Lmitations in t'w basic p-n junction theory discisard above

apply when the diode forward c ,irrent is large. Since large reverse

(urrents de not occur Ishort of reverse bri'akdownl, these limitat.ons

do not apply to the rv.vrs, char4ttt ristit of semicondu~tr diodes.

41



However, the application of a reverse voltage across the junction

results in widening of the barrier region that modifies the diode

characteristics. The results of the preceding an&lyseuv predict that

for reverse -bias voltages greater than a few times kl/q, the diode

DC current 10 approaches the value -I . and the incremental AC

diode current I I approaches zero. The variation in the width of the

barrier region with reverse voltage can result in a reverse current

that is larger than lS , and in larger incremental AC current than

predicted by the basic p-n junction theory.

Shockley* has shown that the width W of the barrier region

in an abrupt-junction planar diode with reverse bias is given by:

ZWqPpnn 2
0 Ipp t v n )

where t is the dialectric constant of the semiconductor material

and v is 'he contact potential between the p- and n-type semiconductor

materials, which is normally 0 2 to 0 S volt. Nelson** has calculated

the barrier-region width in an abrupt-jincton hemispheric diode For

small reverse biases the barrier region width W varies with reverse

bias in approximately the same way as for the planar diode; for larger

reverse biases the barrier-region width may be somewhat larger or

smaller than for the planar diode, depending on the relative concentra-

tions of holes and electrons in the diode diffusion regions

*Reference 8, p. 450, Equation ' 53

**Referencte 14, P 27



The presence of layers of charges on 3ach side of the barrier

region of a reverse-biased diode results in a component of diode

8
capacitance called the barrier capacitance CB 8  :ince the capacitance

resulting from the diode diffusion current approaches zero for reverse

bias, the barrier capacitance accounts for practically the entire diode

capacitance for reverse bias greater than 0. 1 volt. The magnitude

of the barrier capacitance CB varies inversely with the barrier

region width W . For abrpt -junction planar diodes 6 ,

/ipn o

A similar expression gives the approximate relationship for abrupt-

jun~tion hemispheric diodes for small reverse biases.*

The widening of the junction region may result in an increare

of reverse current with reverse-bias voltage. It lids been slivu*, that,

in diodes made of high-resistivity material. e.g.. silicon. the genera-

tion of current carriers in the transitior, region results in a component

of reverse current that varies with the barrier width,** In diodes

having narrow diffusion region%, the widening of the barrier region

results in an appreciable narrowing of the diffusion region, Nelson 13 . 14

has shown that this narrowing of the diffusion regions results in an in-

crease in the reverse diode current that is approximately proportional

to the square root of the potential across the barrier (v . v D ) . In

both cases the reverse diode characteristic is approximately given by

*Referen, e 14, p, 271; it, Referttic, 13. pp. SO(,-5I, Nelson shows that
in . typical hemispherit -jintltio diode the inverse -square-root rela-
tionship is in error by oad / IS p.r -ut for . rt versc bias as larg, as
10 volts

**Rvttrentet 21, p 122
13



where D is a constant depending on the diode parameters.



M!. Theory for Detector Design

1. Basis of Design Procedure

Because of the complex nature of the semiconductor diode, it is

I necessary to resort to approximations in describing its operation if the

description is to be simple enough to be useful in designing practical

detector circuits. In the procedure that is developed here, measure -

ments are made of a few diode parameters, and expressions for the

diode performance arq given in terms of these parameters. It is as-

sumed that these expressions approximate the actual diode behavior

over the range of operating conditions found in the detector circuit.

The express.ons are then used to calculate the performance of dete.tor

circuit.

A procedure is first developed for calculating the performance

of a detector circuit having a large load capacitor CL and driven by

a sinusoidal input voltage V . An approximate method is then given for

evaluating the changes in detector performance resulting from - detector

load capacitance that is not large. An approximate expression is de-

rived for the flattening of the detef tor input voltage waveform when the

detector is not driven from a volta,- source, and the effects of this

flattening on detector performance are discussed. Expressions for

evaluating the effects of small changes in ambient temperature on

detector performance are given. The effects on detec-or- ircuit per-

forman.e of the output coupling -ircuit are discussed. Finally, the

theory for calculating the transient response of pulse detector zirzuits

is given.

4.



2. Low-Fr equency Operation

In Section 11-4 it was shown that the DC diode current departed

markedly from the "ideal" characteristic

D [ %IDkT -
i - -i s I m. 0

for values of applied voltage vD greater than 0. 1 volt. However, values

of the constants may be chosen so that an exponential expression gives

a good approximation to a diode static characteristic over a restricted

range of levels. Figures 11 and 12 show the measured forward and

reverse characteristics respectively of a typical germanium diode,

along with approximations to the characteristics. Curve A on both

figures follows the expression

a 0.001 (e V/0.0377

where i is the diode current in milliamperes and vD is the diode

voltage in volts. This expression gives a fair approximation to the

forward diode characteristic for voltages less than 0 ZS volt, but it

is not a good approximation to the back characteristic due to the

failure of the diode back co-rrent to saturate for large values of back

voltage. A better approximation is obtained by adding a linear term

to the diode current. Curve C in Figure I1 follows 'he expression

Svw/0.0)77 I W7
I a 0 , 0 0 1 ( e % tO0 7 ) + V l D / 2 2 7 0O

and gives a good approximation to tht diode batt hara teristi... The

linear term is so small that its effi t o- tht, forward l'bara.teristi( is

negligibi t
46
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An expression of this sort can be used to approximate the diode

static characteristic for the design of high-impedance detectors, since

the voltage range over which it is a good approximatio.a to the diode

characteristic includes the range of voltages applied to the diode., This

can be shown by an example: With a peak detector input voltage V of

1.0 volt, the detector output voltage V L cannot exceed 1.0 volt.

Assuming a load resistance R of one megohm, the average diode

current 10 is less than 1.0 pamp. Thus the diode must be biased in

the reverse region most of the time. The peak diode forward current

Ip amy be estimated by using linear 4pproxim tion for the diode

foaward characteristic as described in Section 11-1. For aii ,ssumeJ

diode forward resistance R. I

RL l - ev

where the voltage efficiency Cv is gaven iit Section II- I. An assumed

value of R of 10 ohms gives a peak diode current of I It pamp, which

is well within the range where the approxination is valid. A larger

value of R would be more realhtit, and would Vield A smaller value

of I
p

Similar reAsonine- shows that a diode ii a pulse detector tirt uit

having a load resistante RL ol a few thousand ohms mav harL forward

currents of several ra for detettor input voltages of the order of one

volt. Curve B in Figure II follows the expre-sion

- .'0. 0 72

i - 0 019 e 1 )



N,

I

|I and gives a. good approximation to the diode characteristic in the 0. 15

I to 0.45 volt range. Such a curve can be used to apprommate the diode

forward characteristic for the design of low-level pulse detectors,

since most of the forward current flows in the region where the ap-

proxdnation is good. The reverse-saturation current for this assumed

I characteristic is 19 pamp, wlirh as not a good approximation to the

diode back characteristic. In a typical pulse detector, however. the

load rees' ir RL discharges the load capacitnr CL with a current

of the order of 0. AS ma. An in&ccuracy in the assumed diode back

characteristic of a few microamperes can be therefore neglected.

It is assumed that an expression of the form

i a IR(e VC - 1) + VD/R ,

can be used to approximate the static (haratteristir of a semiconductor

diode for the design of detetor circuits when appropriate values of I

c and RR are selected. If a sinusoidal detet tor inpu, voltage V and

a large load capacitor C L are assumed, the voltage across the diode

is

vD s Vos t - VL

Using the approximate diode statit tharat teristu, the diode iurrent

for low-frequent V input signals i% given by

1 Vtos t.V,
+ L (low fre4uemny)

49



The DC and fundamental AC components of this current are found by

Fourier analysis:

i'o 1 IR[eVL 10, (Vc ]i - VL/R R

VL/c 1(low frequency),
Il =IRC • 1l(V/c)t+v/R 1

where I0 ari II are modified Bessel functions of orders zero and

one respectively. Using the relation

1° a VL/R L ,

an expression relating V and VL is obtained:

VL(RL + RR) 1 VL/C[ 'R~'L +] e : (V/c)

This expression can be evaluated graphically using tabulated 3 6 values

of 4. and the detector voltage efficiency calulated:

e v :1 VWL/V

Values of k for arguments from 0 to 28 are plotted in Figure 13. For

argumentis greater than 15, is given by the reltiun

10 (X) ex (X I),
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with less thAn 1 percent error.*

The detector input resistance R in may be calculated once the

value of V L resulting from a given V is known:

V I

~~"R Y x *VL/cI

eV Ll (V/c) +R

"'R L (RL + R) 1 NO I Ilow frequency).

'R L R 10 1(Vic)

The second expression is useful for computation since the exponential

is not present. A plot of 114for arguments from 0 to 20 is given in

Figure 14. For large values of the argument, I,/.1 approa, he* unity.

When a pulse detector circuit is analysed, an infinite value can

usually be assumed for R . The preceding results show that when

RRis finite, it appears as a resistance in parallel with the detector

load resistance R L in the DC equa tion f rom whi ch the voltage effir ienc y

is obtained, and as a resistance shunting the detector input circuit in

the AC equation from which Rin is calculated. These simple relation-

ships are useful in do'termining when A finite value uf R Rshould be

assumed.

The F( rir analysis of the diode current shows 'hat the

fundamental AC current component I~ I i in phase with the input voltage

V ,and hence that the detector input -apaitance is zero. This is a

*S-e Refere~nce 36, p. xxxiv, Equatiomn 3 Sa

!il
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result of the assumption that at low frequencies the diode current

follows the assumed static characteristic and that charge-atorage

effects are negligible. However, even at low frequencies where capaci-

tance due to charge-storage is negligible, the barrier capacitance C B

Lis present. In practical cases the barrier capacitance CGB may be

assumed to shunt the diode, and is muLh smaller than the load capaci-

tance C L*The barrier capacitance in effect shunts the detector input

circuit, and hence:

G in Ca , (low frequdnLy)

The variation of the barrier capacitance CGB with reverse bias (here

provided by the detector output voltage V L) is best found experimentally,

In many cases this variation is small over the range of operating

voltages, and an average value of C B may be used.

3. Extension to High Freguen ie.

In the 10-100 Mcps Irequen( y range dete4Ltor -Lircuit performaru e

in affected by charge, storage and the results of the preceding disc ussion

must be modified In order to eVAluate- the elfets of charge worage

it is first assumed (( ontrary to IAt) that the faiplified diffusior

equat ions , us ec by Shot k1e y 89for smill signals, are applitable at the

signal levels found in detettor circuits The solution of these equations

for aun applied voltage.

%7 D V (s.W1 - V7)



is given in Appendix A. The DC and AC diode current components are

given by

Lr q/kT

V q/kT jn la + nn 
11  IS e 11 pU D I D 8

using the same symbols as in SeLtion U-3. The DC current component
1? does not vary with frequency, and the AC current I varies with

frequency in the same way that the small-signal current was found to

vary in Ses.tiun 11-3.

This resu)t suggests approximating the DC and AC diode t.urrent

composients respectively by

- / (V/c) - . L/R (9)

V / C+

'I - tRe ,(V/c) IG(W) + j,(B)] + jvwc . (,)

The approximate expression for the DC diod- currtnt does niot vats y with

frequency, and is the same expression th|t is tused to approximate the

DC current at low signal frequent aes. The approximate expression for

the AC diode i urrent as similar t,) tt'.it used At low frequent i's, ext ept

that the first tern in the exprtssiusa thu tt'frrn restlting from the non1-

line,,r diode h arat t',istit . i s nitltiplied 6 the fat tor [G(w) 4 B(,)J
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called the charge-storage factor. The last term represents the current

through the barrier capacitance CS ' The charge -storage factor cor -

respond* to the bzack~ted term in Equation 6, and gives the variation of

the AC diode current with frequency. At low frequencies the charge-

storage factor approaches unity, so that the approximate expression

for the AC diode current is the same as that used at low frequencies.

The charge-storage factor increases with frequency in similar fashion

to the nortr*Iiaed hole currents plotted in Figs. 8 and 9. In practice

the charpte-storage factor is obtained experimentally.

The detector voltage efficiency e ,,that is calculated using this

approximation is the same as that calculated at low frequencies, since

the expression for the DC current is the same. The detector input

resistance Rin is calculated in the same way as at low frequencies,

but using only the real part of the approximate AC diode current,,

R LV/c I
(V/()G(w) R _

RI VL(L + R) + 11,GM +

R LR 0 R

In cases where RRis assumed infinite, the input resistance is equal

to the val-ie (4lkulated at low frequen ies divided by the real part of

the charge -storage f~ctor %.) ,The iapacitant v of the junction C3J

is tailculated using the ini.aginarV part of tht- assumned AC diodec urrent.
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-VL/c
/ I, N 3 (v/c) +D

When the peak forward diode current is small, as is the case

for high-impedance detectors, the detector input capacitance is approxi-

mately equal to the diode junction capacitance Cj * However, when

large forward current flows in the diode, the bulk impedance of the

diffusion regions has an appreciable inductive component. IS-27 The

effect of this inductance in series with the junction is to reduce the input

capacitance C in from the low-level value of Cj :

C 9 Lj wL <-< It in

Cin  c - R . "/Rin

The effective series inductance L5 depends on the diode parameters

and operating conditions.

4. Effects of Detector Loads Having Short Time Constants

When detectors are designed to detect modulated signals, the

time constant RL CL of the detector load must be small enough to

permit the detector output voltage to follow the modulation at the

detector input.* In some cases the required detector load time con-

stant ip small enough to allow an appreciable AC signial to develop

across the detector load, In such cases the volta.e acrons the diode is

*The design of detectirn having sptced respue times is discussed
in Sections 111-8.
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different from that assumed in the preceding analysis, and the detector

performance differs appreciably from that predicted. In general,

reducing the time constant RL C L results in a reduction in voltage

efficiency ev and increases in input resistance Rin and input capaci-

tance Cin • An approximate method for evaluating theme effects is

given below. *

The detector output voltage is assumed to consist of a DC term

V 1 and an AC term containing only the fundamental frequency component

V0 . lagging the detector input voltage V by an angle 4p

Lo
V L = V L + Vo coos ( A - P).

The voltage vD across the diode is then

vD zVcosWt Vo Z%, (Wt 0)- V L .

z V'cos( ) - V L '

where the AC diode voltage V1 and its phase angle relative to the

detector input voltage V are related to V., V 0, and * as shown

in the vector diagram of Figure I5. The sccond form, of the expression

for the diode voltage vD differs from that previously assumed

(Equation 7) only in the amplitude and phase of the AC signal. Making

the same approximations as in the abcve, derivation, the DC and AC

diode current components are given by Equations 9 and 10 with V'

substituted for V and with the priae of tie AC Lurrcr4 taken with

respect tu V' :

*The approach here is similar to that used imi Reference 4, but wikh a
better approxilnation to the dud, t hr.t teristli.
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Fig. 15. Vector r.Iotlanship In detectors having short
load time constants. (See text.)



, I~. -V c L/,

L /C VIL

*VL/c /C [Gw + B~ + + -. +

Given a value of V' , the corresponding values of VL lo and

I are calculated in the same way as previously. Since the diode AC

voltage V' is not in general equal to the detector input voltage V , the

quantities

V.

Re [I,]

are not the detector input resistance and input %apacitance, but only

quantities relating the AC diode current to the AC diode voltage. The

vector representation of the AC diode current I and its components

is shown in Figure 15. The phase angle iuy which II leads V' is

called a

etan- j tan- w R! C'

Ro F11]in in

The AC voltage V0 developed across the detector load circuit

by the AC diode current I Iis Riven by



V 1 R 1 JwRILCL
L1 (wRLCL) '

where the phase of V is relative to 11 . The locus of V for varyng

C L is a semicircle having the vector I I RL as its diameter, as shown

in Fig. 15. The phase of V0 lass II by an angle e

-1

tan wRLCL aO z + +q .

The detector input voltage V is the vector sum of VI and V . The0

miagnitude of the detector input voltage is given by

COr
V a Ve L +l R coon (ID * coon J

+ R L sin (0 - ) coo 0]ij

and the phase angle 9 by which V lags VI by

L sin e -( ) .os e

voltge tan"1  7:: .
tan + in-r R L o( os e

ATin (Ia

where R'in and * are the values torresponding to the assumed diodc

voltage VI'.' The detector trt ut parameters for an input voltage V

are readily (alculated:
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V
ev X

Rn V
Jill cos (a + )

JI ls sin (a + S)
C in X ... .. .wY

Tho fact that the output voltage vL in a detector having a small

load-circuit time constant contains harnonics of the signal frequency

as well as the DC and fundamental frequency AC components that were

assumed, results in inaccuracies in the circuit parameters c-Alculated

using this method. In general, the reduction of voltage efficiency e

and the increases of input resistance Rin and input capacitance Cin

resulting from a reduced load time constant are greater than those

calculated using the method described above. In many practical detector

circuits, the redtiction in ev and increases in Rin and Cin are

themselves small, and the errors in the calculated performance can be

neglected.

5. The Effect of l.ow-Q Driving Circuit

It has been assumed in the preceding analys-s that the detector

input voltage v (see Fig. I) is sinusoidal. This is a good approximation

when the Q of the tuned Lircuit loaded by the detector is high, since

appreciable harmonic voltage components cannot exist :cross a high-Q

tuned circuit. However, in many cases of practical interest, the Q of

the tuned circuit is not 'arge, and the ton-linear loading of the detector
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circuit resulta in a nor-sinusoidal voltage across the tuned circuit and

the detector input. In the following discussion an expression for esti-

mating the departure of the input voltage v from a sin%.soid is developed,

.tnd the effect of this departure on the performance of the detector

circuit is considered.

When the Q of the tuned circuit loaded by a detector is low. the

current drawn by the detectur during the positive peak of the detector

input signal cases a flattening of the voltage waveform. The resulting

detector input voltage v contains a fundamental componcnt and har -

monics.

A measure of the flattening of the voltage wavefoi m is the ratio

of the magnitude of the second harmonic voltage component Va to "he

fundamental voltage component V . the second harmonic voltage V

is developed by the second harmonic diode current II which must

flow through the tuned driving circuit since the input current I n is

assumed sinusuid3l (see FIN. 1). The magnitude of the second harmonic

voltage Va is given by

Iv I 2  I

where Zi. is the iapedan~e of the tuned circuit at the second harmonic

fruquency, The second harmoni diode turrent 12 -LAn be approximated

by the second harmonic current t.Athulated in Appendix A for a sinusoidal

input volItage V



I= ZS e" " (Vq/kT) P Dn

Using the approximations of Section 111-3,

•z (V/c) [G(Z) + iBDOW]

(Since only fundamental frequency diode voltage vD is assumed, there

are no terms in the expression for I corresponding to the last two

terms in Equation 10.) The impedance of the tuned circuit at twice

the signal frequency is given by

RAlz z l A ,, ,

where w is the angular frequency of the input signal The fundamental

voltage component V is given by

V a n Rer l -zRt LIJ e VL/ 11V/c) G(-)
-LL/

the current V/R R being neglected in comparison with the other term.

Combining these expressions, the ratio of setfind hNrmonc

voltage to fundamental voltage &ui given by:

6,



v RA .L2(V/c) JG(. +jB(zW)l

In many cases, ('Z RAA is much larger than unity, and the ex-

pression can be simplified:

| vR in ~ vc Co A TIC G()

mA A Ar~

The function I.(x)/Il(x) is plotted as a function of x in Fig. 14. For

large %alues of the argument the fund'ion approathes unity. The values

of IG(Zw) + jB(Aw)j and G(w) (an be found by measurement. The

factor jG(Zw) + j B(&)A/G(w) is expe.ted to vary between unitv at low

frequencies where G(w) is constant and B{a is small, and two at

frequencies well above thi, region. The higher vu(e is a gaod approxi-

matior. for this factor for many diodes tht 10-100 Mps lrequen( v range.

Using these approximations,

SF7 jR A C A I - I

V2 3 W CA V I large

it A "IL.high frequent J

This reliult shows tht the flattvninp of tOt. del.' tor inpu! wave-

form viries invers,.]v with the det. 'or ilpot rebst.,nc. RM' dild the

admnoi e of Ol~e~ (,%pit a tam I, C~ A Ini 014 1''t', d t ire4 uII Bit--tun of the

.Ipproxinidlotib m .d . III 'tit ,eri-.at he I), ruiA.,litag axprt %s.ion do i,-

t)A



not give an accurate evaluation of the actual ratio of second harmonic

voltage to fundamental voltage when the secosul harmonic is appreciable.

However, the expression is useful in estimating th. amount of flattening

of the detector input voltage waveform, and is used in calculating the

performance of detectors driven from low-Q circuits as discussed below.

The detector voltage efficiency e v and input resistance Rin

are defined only for sinusoidal detector input voltages and therefore

cannot be used when the input voltage waveform is flattened. The

detector current efficiency ei is therefore defined without reference

to the voltage waveform and describos the overall performancetof the

detector and its driving circuit:

Tin I IA

where 1'1 is the resistive component of the AC detector input current

11 # and !A is the fundamental-frequency component of the current

through the driving-circuit resistance RA , When the detector input

voltage is sinusoidal, the current components are

I•VL

0 

'C

L

V VL1A A ev1A '

V

V V I.
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and the current efficiency is

e v  Rin RA

S L Ri n + A

When the detector input voltage waveform is flattened, due to

detector-circuit loading, the values of IA and I' I that result in a

given value of I are changed. The fundamental-frequency component

of current IA through the source resistance RA is increased, since

An inp:t u.tltage waveform having a larger fundamental -frequency com-

ponent is required to produce a given diode DC current 1 when the

wiveform is flattened than when the input voltage is sinusoidal. The

value of IA for a given value of I (and hence VL I increases by a

factor I/a , where I/a t I is a function of the input voltage wave-

form approaching unity for a sinusoid. The value of IA is given by

VL

'A aevL

However, the flattening of the voltage waveforn- results in a flat', I.ed

diode-current pulne. The flattened current pulse has a ttmAller (orn-

ponent of AC (urrent 11 for a given value of DC current I°  Thus

the flattening of the current pulse tends to docrease the value of ' I by
I

a factor I/ab , where 5 - I is a luntlOn of the input volt.cge wave-

form approa( hing unity for sinumoidtal input voltages. rhe value of 11

is given by

V L

V il
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The current efficiency is then given by

ae v  bRin RA

L in A

where e v and Rin are the parameters calculated for a detector driven

by a sinusoid&l voltage having the same output voltage VL as the

detector for which the current efficiency is being calculated. The para-

meters a and b are functions of the flattening of the detector input

voltage at.J hence of the quantity IV/VI that was previously calculated.

Values of these parameters, obtained from measurements of detector

performance, are presented in Section IV-5.

6. Effects of Moderate Temperature Variations

Variations of detector performance with temperature ma, be

calculated using diode parameters measured at various temperatures.

However, when the range of temperature variation is not great. (e.i.,

normal room temperature variation.) the changes in detector performance

can be estimated without the necessity for repeated calculations.

Schaffner and She.&3 1 have shown that at low signal levels where

the diode static characteristic is given by

v Dq/kT

the only significant change in this static characteristic with temperature

is the variation of the saturation current IS . (Since T in the exponential

represents absolute temperaturv, thanges due to moderate variations of

ta7



temperature around room temperature are small and can be neglected.)

The variation of IS is given by

eA T

where AT is the increase in temperature. I Is the saturation cur-

rent at the original temperature, and a is a temperature coelficient

equal to approximately 0.08 (degrees C)" I for both silicon and gcrmanium.

At higher signal levels, where the low-level diode characteristic is

not valid, the diode voltage vD required to produce a given diode cur-

t vnt i is reduced by an amount proportional to the temperature

inc: ease:31

v a ve ATkTVD vD - q

where v' D is the diode voltage at the original temperature.

If the assumed diode characteristic at the oriminal temperataro

is

z= I'R eD - I .

then for an increase in temperature of ATi the characteristic becomes

vD . &z.TkT

I .I c cq I

When the low-level diode characteristic is nit valid. the second term

in the brackets can be neglected and the Lharacteristic can be approxi-

mated 1y



aATkT V C

i a I'- e cq e / >>

VD/C

where

* AT kT

R I R 
e cq

When the assumed diode characteristic is chosen for use at low signal

levels,

(low-level approKimations)

q J
and reference to Equation 11 shows that the equation for IR applies

to the low-level approximate characteristic as well as the high-level

approximations. Thus the principal effect of temperature variations on

the diode characteristic is a change in the assumed reverse-saturation

current The change in IR for small temperature changes is given by

the derivative of IR with respect to T ,

* AT kl"'

dlR lim IsR (e :q IkT

_J A -0 _-Z F-'_ zR cq

The effect of smill ( han.t.s ol I iin i 11. upeitn of the

deteLtor irt uit is found 1)v ta: uiotia% the derivatives of the deteLtor-
ii uit pirt ntrer% with rv.pt t to IR  These talculations ire shown
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in Appendix B. The normalized derivative of the voltage efficiency e v is

de

v 3R'L cLR

where the reverse resistance ft1 is included in the detector load re-

sistance R L ' The normalised derivative of e with respect to

temperature is then

de I de di

.kTR• L- z + c + 'iL a)

For many pulse detector*, V L >> c + RLLR , and the above expression

becomes

de
I v a kT (V >>+R

For a value of a of 0.08 (degrees C) and for kT/q a 0.05Z volt

the fractional increase in the voltage efficienc e v per degree C of

temperature rise is 0.001/VL .

The detector input resistance Rin may be considered as a

parallel combination of a resistance RD resulting from the diffusion

current, and the reverse resistance 1RR . The variation of R D with

small changes of IR is shown in Appendix B to be

I dRD ( + R L I

D R R LLR
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The nor.rialiaed derivative of Rin with respet to T is then

IdR.i R +R D R dRa R D RD 1 D dft

R R &kT(c+RL L )

R D cq(VL + c + L Y

For the case when c >> RLltR and RR >> RD , the input resistance

is reduced by the same factor as the voltage efficiency is increased.

When these conditions are not met, the change of input resistance may

be greater or less than this value.

The derivative of the diffusion capacitance CD with respect to

T is found in a way nimilar to that used for Rin:

I dC D  c + RLIR

dCD a kT(L + KL lIR)
D cqjV L T c T R L I I

When c >> RLIR , the diffusion capa itant e increases by the same

factor as the voltage efficiency.

When the detector input resistance R n is much smaller than

the driving cirtuit resistance RA , the current efficiency is approxi-

n,-tely given by

e R
v in (R >> R

i A
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The normalised derivative of the current efficiency with respect to

temperature is then

I dei I i de

" i ' 'tA'> in.

When the diffusion resistance RD is much less than the diode reverse

resistance RR I

..de .kT. RLl RA iR in
IT 1 cqV +c + R OR' KR>>R D/

At high signal levels the variation of current efficiency with temperature

is small.

7. The Effects of Output Carcuat Loading on Detector Performance

The circuit to which the detector output is connected mav affect

the detector performance. The output of a high-impedance detector

is normally connected directly to a high-resastance DC indicating device.

Since the input resistance of the device is in parallel with the detector

l ad resistor, the valte of the parallel combiantion may be used as RL

in calculating the detector performance. The output of a pulse detector

is normally connected to a video circuit, either directly or through a

coupling capacitor. The effects of the~me uutput connections on detector

performance are discussed below.

Figure Iba shows a detector circuit capacitively toupled to load

represented by a resistane R0 . It is assumed thkt the coupling

capacitor C0 is large enough so that nu v.deo signal is developed across

7.2
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Fig. 16. Equivolnt circuth for two detector out
connections: a) AC coupling. b) Direct coupling
to the bone of a transistor.
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it, and that any capacitance associated with the loading circuit is in-

cluded in the detector load capacitance CL The coupling capacitor

C charges up to a DC voltage equal to the average valve of the de-
0

tector output voltage V When the detectcr input voltage V to not

modulated, there is no change in the detector output voltage and no

currentnfows in C 0 and R0"When the modulation :hanges V from

its average value, the detector output voltage is ch&T.ged by an amount

AVL Since the voltage across the coupling capacitor C0 cannot change

with the module 'on, a portion of the diode current flows through C0

end a) The diodc viecu ,useut 1J (Whsda1 vaiivs with the sign~al

modulation) ts given by

0 VLo+ A L AVL
L 0

The detector voltage effiiency e V and input resistance Rnmay be

calculated, using this value of l0 * by the method described in Section

114. The effect of the output luading cirr uit is negligible when the

second term above is much smaller thin the first terni, or equivalently,

R AV L _

L L L

When AV L is negative anid approat heat V1~ ini magnitude, this condi-

tion is difficult to meet. When the two terria aire equal tit magitude

an VL is negative, the DC~ diode turrent It to zero. Since only

vrry umniil n egative DC diode or urrntii 'I lUUW tl,. uctijatt voltage wave -

form is clapped ait i value of aV L given by:*

*This asi equ ivIv it, to # li. .cgd t-c pe., t cIi ppaaai d is a Msed 1) Te nimat
in Ref. 37, pp. 't%4 -Yi7.
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&VL o

When the detector ouput is directly coupled to the base of a

transistor the loading circuit may be represeuted by a current IE

shunted by a resisLance *o . as shown in Irig. 16b. The detector load

resistance R L may be taken as the parallel combination of RL and

L° . The diode DC current 10 is given by

VL

.a

getting this equal to the expression derived from the diode chaacteristic,

az  V L ' V. . " L / c 4 No/
LV/

(The diode reverse resistance RR is assumed to be combined with RL )

Calculating the derivative of V L with respect to 11;

f- 'R V/c )

le -V - • eo (V/ c) d V L

R L 
LdL I"TE R e L v/

For values of I E near zero, this may be written:
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dV L

"drE + c +V L

The relative change in VL for small values of IE can be calculated

from

dV L c/VL

L I+RL L

For large values of VL st:ch that VL >> c and V L >> IRR L , this

n.&y be simplified:

dV L  R Lc d L >> C
L - L dl

TL VL VL > IRR L

The change in the detector input resiatante R is calculatedan

.0 follows:

R ~Ve VL/C"

in, ZI R 11 Mvi, I M{

dRin dVL

in

dIE

I R + R- L

( *,.



(The diode reverie resistance It is omitted here, and can be added

in parallel with Ri .) For large values of VL this may be approxi-

mated by

dRi, R L  -V L >." c
in L d  IR

VL RL

At very low input voltages, a positive value of bias current E

develops a voltage approximately equal to IERL across the load

resistance and back biases the diode. The voltage efficiency approaches

infinity as the detector inpot voltage approaches zero. The detector

input resistance is equal to the incremental resistance of the diode

with a bark bias of IERL volts. At very low input voltages and nega-

tive values of bias current 1. , the bias current divides between the

detector load resistance and the diode itself. The detector output voltage

V L and the voltage efficiency are zero for a value of detet-tor input

voltage approximately equal to -lERL . The detector injout resistance

equals the incremental resistance of the diode with a forward bias rc-

sultirg from the portion of I that fluws in the diode.

8. The Response Time of Pulse Detectors

The speed of response of a puilse detector is given by its rise-

tim, -rr and fall-time f The' ris,.-tme vt is defined as the time

the detector output takes to t hang,. from 10 to 90 percent of the voltage

hetween its initial and final lhvels when at, abrupt increase of input sig-

nal level otccurs. Fall -time is sinvilarly defined for a decrease in input

signatl level. Since the dett. tor resunuiR lmt, depenods on the driving

77



eircuit as well as the detector itself, the two circtts are designed

together and the rise-time and fall-tin-se considered are those of the

cL, mbined c ircuit.

Callandar 3 Z ha.s analyzed a detector driven by a single-tuned

Lircuit as shown in Fig. I.* In order to obtain simple resatltis the

following assumptions are made:

I. The detector output volkige VL follows

the envelope of the voltage V a ross the

tuned circuit.

2. The quantity h = RL/2Rin is constant.

3. Tht input signal frequvity lb dl th.

r'esonant frequent v ot the tionred t rc %lit.

Under these assumptions, the ov.rall r i,'- and fall-fiames for the cir-

cult are equal', and given by

2 Rn R A

r : T 2.2 Zin R A (CA hCL)

R L R A
R RLA (CL + CA/h).

I." + RA
_M7 A

This time is t he same a i tit, vidot ri aim', of dn R-C t rt iut with

It Rn RA /(RII I + RA) , ttid C - CA 4 hC . When RA Ii largi,

.. rJ the ;I rcit loi0n g IS dt' la rgely to th, d.'t. tot,

r I f , Z., R'1 1 /1 RA * InI

*l),.u+,, (o r i vJr n v by IV 4i o me , 1 ,'x i tr % u allft .r. ' disi tiosed in Ref. 35
14, aundr 3'i. 7'8



The validity of the first assumption is assared if

.2R L C L : 'r r ,(13)

or equivalently,

RL CL SZ CA RA

or,

h Ran CL S CA RA

If tus condition is not met, the fill-time is limited by the response

time of the detector load circuit:

T8f ' Z. RLCL ' (14)

In other words, the detector rise-time rr is given by Equation 12

whether the condition giver in Equation 13 is satisfied or ,ot. rhe fall-

time Tf is given by Equation IZ or 14, whichever is the larger.

The second assumption is not entirely justified since R n does

vary with signal level for a constant RL * However, h may be ton-

sidered constant fir small-changes of signal level, and the result is a

reasonable approximation for larger t hdAnges it a suitable value of h

is chosen. The third assumptiun is AtId III many praitiaal cabes. It

does not appear that the tesults ar. atltted appreciably when the sig-

nal frequency is within the db ban dvidth of the tuned c ir.uit. *

Callandar gives expermritital 'erifitation of tht se resaut:| for

vaLutdn-diod' detect tors.

*'Flit' iet tts of d 'tc tor driving ( , i.th not tuntwd to th0- signal freq,'-,:. v

are di. ussed in Ref. IS.
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1V. Meamai.-ements and Comparison with Thor

1' Procedures and.Measuring Techniques

Measuremeeits have been made to establish the range of validity

of the detector -design theory presented in Section 111. The! diode' types

used for the detector measuremets are the S5700 gold bonded ger-

manium diode, manufactured by Trans itron Elec.tronic Corporation,

and the FD100 diffused silicon planar diode. manufactured biy Fairchild

Semiconductor Corporation. They were selettid as representative

high -performance, commercially-available, germanium and silicon

diodes for detector circuits in the- 10-100O Mcpa frequency range.

The diode parameters that art- used in the design theory wt~re

measured for the two diode ty~pes. Using these measured values, the

theoretical performance of both high-impedanc f- and pulse detectors

was ct'itdfor a variety of circuit parametters and operating condi-

tions. Corresponding detector cir uitb we-re built and theii perfor-

mance measured. The results of the measuremeifnts are, compared

with t he- cal culaeted pf rtormat v late r in this set tion . Me-asurt-ments

of pulse response ire reportedI and dasscubbcd se-pdrately in Se-ction V-3.

Since' d-tector- .ir' ut voltage efficient-v ev i npuz resistance

R in and input capaf itan- r C i epsaid on the- input voltage- V , (and

also on the- waveform of thte inptit voltage). it is ne essarv to measure

te d'1 .. ev for ptrer rmanh t with te d~esiared stiput voltage. applied to the

dlet ector input . Three t t* hniquvis we re uisted in measuring detet tor -

i ruit performance:

I.Q Nit.' .r. Maidert'I'1#t s2 we' re miade af siagnal frequenc ies

from 20 100 O ME J)5 wit h a Bomitot Motil I 140 -A Q Meter, and at fre -

NO



quencieb brow 10 Mcps with a Boonton Mrfdel 160-A Q Meter. rho.

measuring procedure is as follows: The Q Meter oscillator Is set

to the devired freqtiency, A coil is connected to the "L" lerminala

and is resonated by adjusting the internal capar,-tr. The Q Meter

capacitor reading and measured Q are recorded as C1 and 0 " The

detector circuit shown in Fig. la is then connected to the "C" terminals

of the Q Meter and the internal capacitance is again adjusted for

resonance. The desired input voltage V is obtained by adjusting the

Q Multiplier control on the Q Meter. The input voltage V is measured

using either a Hewlctt-Packard 410B VTVM or a previously calibrated

high-impedance detector. Since a change in V may affect the de-

tector input capacitance C. the Q Meter internal capacitor and the

Q*Multiplier are readjusted until the desired input voltage in obtained

at resonance. The Q Meter capacitor reading and the measured Q are

recorded as C 2 and Q. The DC detector otitput voltage VL is

rt-ad using a high impedance DC voltmeter. The R-C filter following

the detector removes any AC signals trom the dttettor output. The

detector voltlg, tOfticj ency is;

V
L

T'h. eqUIv-&I .A( ipo Allt'i a'ltbibt- e R And capac .tance C of the eir-
p p

ciat, art! given by

S(Ql Q,
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Fig. 17. Circuit- used for detector measurements: a) 0 wicter and
admittance bridge measurements b) Transistor circuit measurements.
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The loading due to the input voltage measuring instrument and stray

capacitance are measured on the Q Meter with the detector diode dis-

connected. The input resistance R. and input capacitance C. ofin

the detector are then calculated.

The range of input voltages over which the performance of

a detector may be measured on either of the Q Meters is limited, and

varies with the detector input resistance and the signal frequency.

However, Q Meter measurements are often convenient for comparing

similar circuits, or for evaluating small changes in circuit perfor-

mance, e.g. , with changing temperature. Since the detector is

driven from a tuned circuit, the analysis in Section 111-5 may be used

to determine if the input voltage waveform is flattened. In most cases

the waveform is nearly sinusoidal. This may be verified when a high-

impedance detector is used to measure the detector input voltage by

rcversing the diode and noting if the indicated voltage changes.

It is estimated that the values of R. obtained from the Q-in

Meter measurements are accurate to better than * 10 percent, the

values of C. ar. accurate to * 0.2 ppf, and the values of e are
in V

accurate to *5 percent.

2. Admittance Bridge. Meats urements were made at signal

frequencies froim I to 100 Mops with a WAyne-Kerr B801 Admittance

Bridge. The measuring procedur.e it as follows: The oscillator driving

the bridge is set to the desirod signal frequiency and the bridge is

balanced. The detector iruit shown im Fig. i7a is connected to the

83
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unknown"' t:.Lrriinals of the bridge. The osc illator output lePvel is

adjusted to p.-oduce the desired detector inplit unitage V , and the

bridge is aigain balarnced. The detector output voltage V IS nca -
L

sured, and the circi conductance G and capacitance C are read
p p

from the bridge. The delectnr input resistance R. and input (apat i-

tan. e C IIare obtained bv cal( ulations after measuring the loading

of the iput voltage measuring instrument and stray capac-itant e. The

* idetector voltage effiviency c is caic ulatod as above

Since the surt e impedant e of the admittance bridge is not a

tulntd c ir uit, the bridge impedan. I at It se ond -harmonic frequency

A.i aippreciable compared with the input resistat v f most pulse de-

fec tors. Following the disLttassion of Se.'tion 1l11-5, Ili( admittance

bridge (an not therefore by used it) meAii'rte these pulle de et toirs

without flattening of the detet tor input voltage waveformi. Th- -Ad

mit'tance bridgie is lqce-fil for meiasiur ing high -impt-dam e detf-Ctor

performance, a.nd ill nmling --mall .%ignal measurements of diode

ddmitt ~t( e.Th ur-A( v of valties ot R an .oained from
in in

tee med s urerwnth t usuiallv li mit *d bv flih- di sc rrnitnat ion of t he

ad mitt ante br-idge. A, f requent-ie tit-blow S0 Mq ps the (li s t rimn dt iof

is% 0. 02 mi nillo. aIJOvr 50 Mt ps ft- udi.w rimiination falls ito 0. 1 mn mho.

Thus fte at ( iirss v otatied dte re'.tses ., 11%4 v~s Itit- of R iincvre9*.kae b

The a( tire. v of vdliiis of C is e%'tiiler ito be t 0 2 0f
InI

3. Transistor Cirt itit Medti remq.,its w.-re iddi t signal

f fr,.'iii-n ivs f-or I I(, 100 Mt p! using fit- in rt it ihtowt iii Fig. 1 7b.

Thu det i', 1uir isi driv.'ui byV a grotiinte-I has,' t ransistor aniplifier with

4 S1ingle *luttei'n ollet tonr 4n irt miv1..%urt-mtvits sliuweu lit f rawl~istor

t iri-ivi ga tit Io lie- verv ihost, t ino N, iiver flt- I rtqutwist rat 1 eo

$-A



iztitrest. Therefore, the input current to the tuned circuit and detector

is approximately equal to the transistor emitter cuirrent. Tlic input

current 1 is calcuilated from a measurement nf tne input voltage
in

V.to the transistor circuit. A resistor approximately ten times

thc transbistor ernittei resistance is connected in series with the

emitter to prevent the uncertainty in the value of emitter resistance

from affecting the accuracy of calculated values of 1.. A shunt

resistor tt thae input of thv circuit provides proper termination for a

91 ohrmcoaxial cable from the signal generator. The transistor is

biased with 2 ma DC to permit measurements with peak input cur-

reiit 1.i as large as I ma without risk of non-linearity iii tht. transis -

tor. The collector voltage is supplied throuigh a choke having a high

irripedance at the measurement frequency. The value of the tuned-

circuit capaciLaime C A is chosen to give the- desired detector input

voltage waveform. A large valuec of C A is usecd when a sinuboidal

detector input voltage is desired, and a smaller value is used when a

flattened waveform it; desired. The tuined-circuit induictance L A is

idjusted for resonance at the desired signal friequencv. rhe effective

resistance. RA shunit ag the t zaned care. oat (not ancluding the loading

due to the detector) is the actuial resistati #-- R 'A added to the virc uat

in parallel with the loading duie to the choke and coil losses and the

transistor collector res astatice. '11 value of RAis obtainled by

suibsi ituting a resistour of known valuie for I he doetctor circulit, *and

rn-as tar iag the voltage V developed atcross the parallel combination

oif the- known res intance anad R A or az m ""taptil tur rent in



Th detector voltage efficiency v Input rcsistance Rin '

and input capacitance Cin are meesured using no added shunt resas

tance and a value of CA large enough to ensure a sinusoidal detector

input voltage. (This can be verified in the same way as for the Q

Meter measurements.) The desector input voltage V is measured

with a calibrated high-impedance detet toe Te high-impedant e

detector is used in obtaining the value of RA . so no -ditional (or

ret,iion it made for its input res: ;tan, e r'he detector voltage

efficient y is

V
ev T_

and the input resistance is tound frorn th, .xpro-shion

V A in

in A in

the -approximat. de.t tor input tpa. if.Ai.t v C I itbtainid hV noting

-he ( hangt, At .,a the r,ti~onii nt Ifreq wia.n I l Iliw tunt.d , ir% tit, whvi

d resistor hlving cs known shtin' , p4 i'an v. (C I. b uhbittilta'ld for

,he de'oe otr 1 irt iti.

C 
c A at

111 - (.4 4 F _

C i r r !n t flti , it ' t N I ,. 1n o J b tir e -d If or l \ d v'iu i r ud %d l % o l R A n d C A

V
I.



Accurate values of detector input resistance Ri can be obtainedin
onl.y when the shunt circuit resistance RA to of the same order of

magnitude or larger. Since maximum attainable values of RA are of

the order 10 K ohms, high-impedance detectors are not measured using

the transistor circuit. The accuracy of values of Rin obtained for

pulse detectors is estimated to be * 10 percent. Betause of the large

value of tuned-circuit capacitance CA required to produce a sinusoidal

detector input voltage at low frequency, the detector input capacitance

C, can be measured only at frequencies above 30 Mcps. The accuracyin

of these values of Cin is estimated to be * 0.2 ,ptf. Measured values

of voltage efficiency ev and current efficiency e. are accurate to1

about *5 percent.

2. Measurement of Diode Parameters

Measurements were made of the static characteristics, charge-

storage effects, and barrier capacitance of an S570G germanium diode

and an FDIO0 silicon diode. The parameters used for calculating

detector-circuit performance on the basis of the detector-design theory

presented in Section III are obtained from these measurements in

Sections IV-3 ano IV-4.

The static characteristit M of the diodes were measured with

DC instruments. The forward thiracteristics are shown in Fig. lb

The use of a loiarithm(i scale for current makes possible the detailed

display of the high- and low-current. portions of the characterist s on

a mingle graph, The approat h of the curves to straight l;nes at low

urrents indicates that t.te statit t harat terist ive are approximately

e.xpois-,ttial in this region, TI-, rt v rs- tlod' t laracterilsics are
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plotted in F'S. 19. (Note that different current scales are used for the

germanium and the sil.con diodes, )

The real part of the frequency dependent charge-storage factor

G(w) defined in Section 111-3 is obtained from measurements of detector

input resistance as a function of signal frequency. The detector input

voltage is held constant, resulting in a constant detector outplit voltage

when the approximation of E4uation 9 in Section 111-3 is valid. The

validity of this assumption is verified by measuring the detector voltage

efficiency as a function of frequency. The value of G(w) is then the

ratio of the low frequency input resistance to the input resistance at

the desired frequency:

R in (:w frequency)
u(.) - in(.)I

The detector voltage efficiency was measured as a function of

frequency for all load resistances and input voltages for which t1-

detector input resistanc,. *as measured. The measured voltage t.t.

ficiency of the pilve-detector circuits is plotted as a func ion of f"e-

quency in Fig. 20. The voltage efficienc decreases less than 5 percent

with increasing frequency from I to 100 Mcps, exce. at low input

voltage where the decrease is as large as I percent for the FDIOO

diode. The measured voltage efficiency of the high-impedance de-

tectors, (not shown), was constant with frequency to within the mea-

surement accuracy.

It is conveni,t to assume that G(w) it independent of signal

level i.' etector load resistant e. it' order to deterine the range

of validity of this asstinption. measurements were made on bo',h
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Fig. 20. measured voltage efficiency as a function of
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Fig. 21. Measured input resistance as a function of
frequency for detectors using an 5570G diode.



high-impedance and pulse detectors. Measurements of the input re-

sistance of several S570G germanium diode detectors were made at

frequencies from 0. 5 to 100 Mcps. A pudse detector with a load re-

sistance of I K ohms and a large load capacitance (0. 001 pif) was

measured with input voltages of 0.15, 0.4, and 1. 0 volts peak, using

the transistor circuit described in Section IV-l. A high-impedance

detector with an infi,,ite load resistanie and a 0.001 1f load capacitance

was measured with an input voltage of 3.5 volts peak, using the Q

Meters. At very low input voltages, the detector voltage efficiency

approaches aero, and the input resistaitce approaches the small-

signal resistance of the diode (with no bias). This small -signal diode

resistance was measured using the admittance bridge.

The input resistance values obtained from thv S5?0G diode

measurements are plotted as functions of frequenacy in Fig. 4l. A

lugarithnite s-ale of input resistAnLe allows visual comparison of the

valnes of G(w) that can be obtained from each . urge. Curves separated

by a constant vertiLal distance yield identical values of G(w) . Each

..urve reaches its low-frequency value (G(w) - I) at a frequency higher

than 0.5 Mcps.,

The curvei of input resistance for the pilse detectors are nearly

parallel, indiLating that a sangle G(w) /unctimo, can be used for pulse-

detector performan e calulations over a stbbtantial range of signal

levels. The input resstant e u! the lhgh impeda--t, detector decreases

more rapidly with frt-queu.nt , and largt.r valuaes of G(w) are thertfore

'ased fur high-impeaida t, - dett-i tor til lia iumb that for pulse-d,*tector

i-hitioI s



The input -resistance mecasurements made using the FD100 diode

are shown in Fig. ZZ. The pulse-detector measurements were made

with input voltages; of 0. 6, 1. 0, and 1. 5 volts. The c.ves are nearly

parallel fc: this dmode also The nmalI -signal resistance, measured

using the admittance bridge, is shown by a broken line. The measure-

ment error of the admittance bridge for the high resistance& presented

by this diode may be considerable, and the curve is presented only to

indccate its approximate position. The high-impedance deteq tor was

measured with aa input voltage of 3.5S volts, using the Q Meters. The

decrease of input resistance with frequecacy for this detector is very

pranuunced. The low-frequency value of the input resistanc~e is bteyond

the range of the Q Meter measui tements

The diode barrier capac itane G CB is obtained fromt measure -

ments of the diode tapacitance with reverse bias. Since the dfiuiion

capacitance and bulk indLitive effett are negligible with reverbe biaso

the measured c apac itanc e is equal to the barrier capac itant e The

barrier capacitances of the~ hS7OG and FDIOO were meaisured xvith the

admittance bridge at 30 Mips with bit k biabes varying from 0. 1 to 1.0

volts Values of barrier capac ltant e of ipproximatelv 0I it) tio for the

S570G diode and 0. 8 jif for the FDIOO were obtained In this voltage

rat e. The viriation of the barrier i pai itant e with reverse vc~tagc'

in this range it; lo small to be dit'ternmined %,!Ih anyv '- i irat y'.

The irragindry part of the' ( karge~ bloragt. factor B _, titfined

iii Se' t iot 11 -3 t -)d not he. obtaint-cl Iron the mas urtenietim Fi Fr

1wrv,.zow, di-sc iisstd ti Sec tio W I tht, input t Apdt ita. v tit thme

pit) rw de'.'. Io rh wa', mvaibirt (I tio t he, trinib Ior , irt uit oiiIN at fre
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quencies of 30 Mcps and higher. Thest: measurempnts are presented

in Section IV -4. Due to the inductive effect of the diode bulk impedance

discussed in Section II-3 the capacitance of the diode janction C,

and therefore the capacitance resulting from tht diffusiou current, cait

not bc determinA from these meagure-nents.

The input capaLatances of the hjgh-mpedanr.e detectors were

measured using the Q Meters, and are piotted .n Figs. 23 and 24 as

functions of frequency for the S70G and FDI00 diode, respectivcly.

The input capaziLance of etch detector is a f%-w ',-aths of a micro-

microfarad lorsger than the metusured diode barrier (apatitance. This

inLcrease uf the input capa.atan.e over th.:. birrier t-apa(itan-e is at-

tributed to the capitcitive component of the diffusion Lurrent -rossing

the junction. This cap itance decreases with incre.sing frequentcy,

in agreement with the theory of !- r ton 111-3. The effect of 'he diode

bulk impedance is not significant in high impedan(e detectors Sin~e

tO. cliangto ul ince atr: of th, sa.r.tc mt.gviaude av the accuracy

of the capacitance measurements, no atttmpt -s made to evaluate

B(w) for the high-impedance d.e, tors. TE. sm4ll -Aign41 dicde

capacitances, measured with th., 4*mittan t brilge, r- also plotted

in Figs. 23 and 24. Comparison of tht- sm l, - gnsl dedt, , apAcitance

with the highh-imp-dance ',e, to,- iiput f ap, it amn e me-ur-d with an

input voltage of 3..; vots give. go od 4gr": n",'. rhai t.es that

hr change of the input ,apat i' ,i .-' tht higi' imp-dan t, dtIt,( tors

with signal level is timail (S,'e 8 tn IV A,
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Fig. 24. Mleowred input capacitance os a function of frequency
for a high-impedance detector using an FD tOO diode.



3. High-meda.ice Decectoru

Calculations have been mnad(- of the perinomance of high.,

impedance detector circuits using tthe SS7OG and FDIOO diode* and

kl.ving input voltages of the order of I volt tecak, The values of.the

-diode parameters used fur the ciiculatiuns are obtained from the

meaturermtiei reported in the precteding section as follows: The

values of diode reverse -saturatciori current IRand reverse resistance

R R are obtained from the plots of the measured diode revers- e'harac.

teristics in Fig. 19, The diode reversi resistanfe is the slope of a

straight, line that approximates the diode reverse charActeristil: for

rc.v'sc voltagea latrger titan approximately I volt. t'he reveritv

saturation current is the intercept on the! current axis of this jinear

approximation, The cexponrntial ronisfants (are rhotien so that, the-

arsimed diode charaicterintics,. having thfe form given in Section M-12.

D, VD
R

;tre good approximations to thte meaesered forward A harmecteri.jit

plotted in Fig.. 18, in the! low' cirrer,. range- Values of iweref 41.

itated that allow the, voitured . ind mrasurs 41 4 l'4 ra' teriti *: si i4 i nn-

cide for valtivi of forward c~irremnt of S pap The aumed 06149i1

a haracteriuotmo. a re, plotd is da eshvid lities in Figs. 1I a nd 141. rise.

valir's of the tr iresponding 514 it pr~ meters areo given in raivie i.

Till- r * il part of Ih ta lirue at rago c.f'sor 0(w) for t he- 8 100

diods' is olefal ntd (1,411i $Ilve 11pul ri's estAne s' of the, high impedancue de.*

ti o r,* rnie siireel wit Ii an1 iip 115111 ~a i- e of I S voltil peak,. plott ed in
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Fig. 21. Sinoe the ,ow-frequency value of input resistance of the

FVIAO diode could not be mwiasured, the 30 Mcps value of G(w) is

chosen to give agreement betw,.er the measured and calculated input

resistatice at 1. 1 volts. The 100 Mcps value of G(w) is obtained by

multiplying the 30 Mcps value by the ratio of the measured input re-

sistances at 30 and i&u Mcps. (See Fig. 22.) The vales used in the

calculations at 30 and 100 Mcps are given in Table I.

Table I

Diode Parameters for High-Impedance Detector Cal,.ulations

Diode R R  IR  G(w)

(in meg ohms) (in jiamp) (in volts) 30 Mcps 100 Mcps

S570G 5 0.9 0.0478 4.46 11.?

FD100 1250 0.004 0.0477 1330 4480

Using the method described in Sections 111- and 111-3,. and the

diode piramt term given in Tahl. I. the voltage efficienty and input

resistarce were calculated as ftnctions of input voltage trum 0 i to

5.0 voltb peak for high-impedante detettors wit), S570G and FDIOO

diodes, infinite load resislani t, ind larp,, luod '.paLitant e (0.001 J}

at frequencies of 30 Mcps and 100 Mtps. The results ot the calt tlations

art' bhUw aF brokei lines in Figb 2Z through 28. Thv voltage efficienty,

niput resistant t and input tapat it.w to. ti detut tor irt iits having the

pjarametorm u ed iii the alt 'ldat tls wert, meastired and the results

are plotted i Figs. 2I tirouih 30. li Q Meter wda tisdrl for meattcre-
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Fig. 26. MsoasuredI ond ctIcuiated Input resistance as a
function of input Voltage for a high-impedonce detector
using an S57OG diode.
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meats at in,,wt voltages from 0. 7S to S volts. The admittance bridge

was us - r measurements at input voltages below this range.

The measured and calculated values of voltage efficiency agree

to within 10 percent for input voltages from 0. A to 4.0 volts for the

5700 diode and from 0. ? to 410 volts for the FD 100 diode. The dis-

agreement between the measured and calculated values at lower signal

levels is attributed to experimental error and to the failure of the

assumed diode static characteristics to closely approximate the actual

characteristics over a wide range of signal levels. Note that the

voltage efficiency points measured at both 30 Mcps and 100 Mops fall

along a single curve for each diode.

The variation with input voltage of the measured input resistance

is considerably less than the calculated variation. This is attributable

at least in part to the variation of the real part of the charge-storage

factor G(w) with signal level in high-impedante detectors. Fig. 21

shows that the values of G(w) for the SS?OG diode at 3. 5 volts are

approximately twice the values of G(w) for small signals. The approxi-

mate curves in Fi. Al indicate a larger variation for the FDIOO diode.

The discrepancy between the measured and calculated values of input

resistance at 30 and 100 Mcps .i less than *SO percent for input voltage

from 0.4 to Z.S for the SSOG diode and from 1.0 to 4.0 for the rDlOO

diode. Larger dis( repancies ot t ur outside these voltage ranges.

The variation of input t apat itance with input voltage is shown in

Figs. 29 and 30 for the high-impedint e do oectors using the Ss7 (,O and

FDIOO diodes respet tivelv For cat h deteo tor the input ,Apat itance is

nearly the same at 30 and 100 M, p% The inpuo , apa tant e of the de-

i01



tectors increases slightly with a change of input voltage from 0. I to S

volts peak. The major portion of the input capacitance is dur to the

diode barrier capacitance which remains nearly constant with frequency

and input voltage in the range of these measurements , The slight

increase of the input capacitance at high input voltage is attributed to

the diode diffusion capacimnce which increases at higher input signal

levels as discussed in Sectlon 111-3.

4. Pulse Detectors

Calculations have been made of the performance of pulse-detector

circuits tieing the 5700 and FDIOO diodes with peak input currents of

the order of Z ma peak. The resultng diode current pulses have an

average value 10 of the order of 0. S ma and peak values perhaps ten

times the average value. The assumed static characteristics kised for

the calculations of pu'se detector performance are chosen to approxi-

mate the measured characteristics over the range of diode forward

currents from 0. 1 to 10 ma. It is absumed that 4hi -. rrent ranle

includes the portion of the stati( tharacteristic where most of the

diode current flow takes place. Since the -verse diode . urrent is

smll compared with the average dioJe current, the assumed reverse

characteristic need nrt closely approxarnte the measured characteristic,

providing the assumod reverse &us rent is also sniall tompared with

the average diode current. An infinite value of diode reverse resistance

R R is assumed, and the diodecharsuteristit is of the form

- ( I )
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For values of v/c much larger th.,n unity, the second term in the

brackets may be neglected. Taking the logarithm of each side of the

expression then yields

loge i floge Y + vD/C

log, 0 i (0a 1 0 -t I+ vD/2.3c

The assume* characteristic is determined by drawing a straight line

on a semi-logarithmic plot that approximates the measured characteris-

tic over the desired range. The intercept of this line on the current

axis gives the value ot 1R , and the slope of the line equals 1/2.3 c

(The slope 65 the change in current in decades divided by the correspond,

ing change in voltage.) The exact value of current given by the assutmed

characteristic differs from that given by the lineiar plot only at small

values of voltage.,

The assumed static characteristics for the SS70G and FDIOO

diodes used 3r the pulse detector calculations are shown as broken

lines in Fig. 18. Vor the S570G diode both the linvat approximation

and the exact plot are shown. The resultin3 %'.tueis for" the didde static

parameters are given in Table 2.

The assumed values for the real part of the charge-storage

fa-tor G(w) are obtained from the itasurcamenta ,)f pulse -detector

input resistance as a function of frequewnL that art shown in Figs. 21

and 22 The curve for a detertor input voltage of 1.0 volt was used for

the S570G diode, and the 'urve for an input voltage of I. S volts was
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used for the DOO. The values of G(w) used in the calculations at

30 Mcps and 100 Mcps are shown in Table 2,

Table A

Diode Parameters for Pulse-Detector Calculations

Diode c G(w)

(in ma) (in volts) 30 Mcpa 100 Mcps

WOO0 0 0IS 0 0805 1 10 1,§5

lrDI 0 0. 00007 0. 06SZ 1.45 Z. 60

Using the method described in Sections 1IU.2 and 111.3 and the

parameters given in Tablt: 2, the voltage effirency and input resistante

were calculated as functions of input voltage for detectors with S70G

and FD|00 diodes, . K ohms load resistance and a large (0 001 t)

load capacitance at frequencies of 30 Mcps and 100 Mcps The results

of these cahulations are shown as broken Ines in Figs. 31, , 14,

35,, 37, 38. 40 and 41. The voltag, effhtaienty, input resittanie and

input capacitance of detectors with the same ( ir. uit parameters were

measured using the transastor iartuit methud dest ribed in Stttion !V--

Ihe results are plotted iii Figs. 31 through 42.

Comparison of the calt ulated and reasured values of voltage

e iffitent V showt, that the grt.ement is better than L !0 pu, ri t.nt oft r

at, ji,put .ni;- , frorm 0 25 tu i8 volta tor fht S' 70G germanium

diode and .,ver an input %oltape range from 0. b0 to I. 5 fur the FDIO{I

silat ot, mhod.e Th,, t alk ulated %oltage v'lit it it y at both 30 and 100 Mps
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is 50 percent higher than the measured value at an input voltage of 0. 15

volt for the SS70G and 0. 5 volt for the FDI00., For both diodes, the

calculated voltage efficiency is higher than the measured value at high

and low input voltages, and lower than the measured value at inter-

mediate values of input voltage. This is attributed to the fact that the

assumed static characteristic indicates a forward current larger than

the measured forward current at high and low current ].#vels and

smaller than the measured forward current at intermedinte current

levels.

The calculated and measured values of detector input resistance

'.groee to within * IS percent over a range of input voltages from 0. 3 to

1.S volts for the SS70G diode, and a range of input voltages from U. 8 to

1 2 volts for the FDIO0 diode. At lower input voltages the calculated

input resistance is substantially lov -r than the measured value for the

8570G diode, and higher for the DI00 diode The dis( repancy is 50

percent at 0. IS volt for the SS70G diode at 30 Mcps, and 90 percent at

0.S volt for the FD00 diode at 100 MqIs., Thu differences between

the measured and calculated values of input r.sistant r .are aiributed

largely to ihe approximations made in the assiimrd atat itharaLteristits.

although an increase in the t harg, -storagv Id, tor at low signa: levels

may be partially responsible for the. 14rg. h , ri-paw iv, it low input

,.oltages

Che dtt et tmt theorv ol St ( ion 111 3 sLow s tha th; . apat Itant e

of the diode jimntion int reas,.s with s ignal Ievo-i |lowt %er, at high

( ltrrs-vt levels ski( h A are |ouit! In Ipls ' ," torb the indu q te % umi-

por ent of the btlk anipedaw v rveul, - ini a e.",, or i1u1m' t APA. Italk e

I to



smaller thani the diode junction capacitance. The input capacitance of

the (well-bypassed) detector with an S5700 diode decreases somewhat

with increasing level. This may be attributed to the effect of the in-

ductive comporent of th, bulk impedance being sufficiently pronounced

at high levels to counteract the increase of the diode junction capacitance.

The input capacitance of the detector with an FDIOO diode shows a

moderate increase with increasing input voltage, indicating that the

effect of the bulk inductance is loss significant in the FDIOO than in

the 5700.

The voltage efficiency, input resistance and input capacitance

of detectors with $570G and FDI00 diodes, A K ohms load resistance

and a 33 lpf load capacitance were calculated as functions of input

voltage at 30 Mcps using tb method described in Section 111-4, The

previously calculated values of voltage efficiency and input resistance

for the detectors with 0.001 pf load capacitance were used in the

calculations; however, the measured values of input capacitance for

these detectors were used since the input capacitance of these detectors

was not calculated. The results of the calculations are shown in Figs.

31, 3 . 33. 37, 38 and 39. The corresponding quantities were mea-

sured in the transistor circuit and are plotted on the same figures ior

compRrison.

The measured and calculated valucs of vultage efficiency and in-

put resistarce for the detectors with 33 pf load capacitancc agree to

within the same accuracy as for the detet torn with large load capacitanLe.

The calulated valtes of input (apacitante are larger than those mea-

sured with large load tapat itate, the int reaae being greater at higher



signal levels, The reasured values of input capacitance also show thia

increase. The measured input capacitance of the SSOG diode detector

increases approximiately twice as much as the calculated value, the

maximum error being 0.6 ppf. The agreement between the calculated

and measured vatues of input capacitan':e for the FDIOO diode detector

is better than i . 3 ppf

The volAege efficiency and input resistance of an S570G dolo-.

detector with 0.001 pf load capacitance and an input v,ltage of 1.0 volt

were calculated for load resistances varyilng from I to 100 K ohms

using the diode parameters given in Table 1 at a frequency of 30 TM c.ps.

flfe results are plotted in Figs. 43 and 44 as functions of load resis-

tance. The voltage efficiency, input resistance and input capacitance

of corresponding detectors were measured in the transistor rircuit.

The results are plotted in Figs., 43 through 4S. The calculated and

measured values of voltage efficiency agree to with.n * 10 percent.

The calculated and measured values of input resistance agree to within

*IS percent. The largest discrepancies for both voltage efficiency

and input resistant e occur for the largest values of detet tor load re-

sistance. The input capacitance decreases somewhat wih inLreasing

lod resistance. Since less diode t urrent flows with a larger load

resistance, the capacitance resulting frok ) the diffusion current.,

(and therefore the input capicatan '). is smaller. (See Set tun 111-3.)

5. Low-Q Driving Cir uits

In SeL!;,)n Ill *; % is shown that the tcurrent effit ient y of a

detector with a low -Q drivinh tir4 uct is given by

......... ................. .............. ........ . ...... ... . ... ... ............... ... .
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a.i bR +
in A

where ev and aln are the voltage efficiency and input resistance of

the detector when it is driven by a sinusoidal voltage and has the same

output voltage VL The parameters a and b are functions of theI
flattening of the detector input voltage waveform.. Measurements were

I

mde to evaluate these parameters under variety of conditions as

follows:

At each of several frequenties. signal levels and driving-circuit

capacitances CA ' the current efficiency e. was measured in the tran-

sistor circuit for two values of driving-circuit resistan,:.e RA . One

measurement was made with no shunt resistance added, giving a value

of RA of the order of 10 K ohms. The second measurement was made

with a A K ohm resistor added across the tuned circuit At rach fre-

quency and signal level, the values of e. and tin were calculated

from measurements made using a (large) value of CA su.h that the

detector input voltage was approximatelv sinusoidal The two sets of

values of ei and RA were substituted in the 4bove expression and

values of •v and Ran were .al. ulated assuming values of unity for

a and b . The resulting values of ev and R in were used, along

with the measurements of P and R A made with smaller values of

CA to calculate a and b.

The detector used for the measurements c'onsisted of an SS?0G

diode, a I K ohm load resistor and t 0 0G 1ii load capacitor. Signa

frequencies of 10, 30, and 60 M(ps were used, wi'h L anal levels giving

del( tor output voltages V L Of 0. 1 4d14 0.6 %olla, V,4lues of driitsg

It~s



circuit capacitance CA ranging from the minimum obtainable value of

6 ltpf to a value so large that the detector input voltage was effectively

sinusoidal were used.

In Section lU-S it is shown that, under conditions usually satisfied

in practice. the flattening of the detector input voltage waveform is

approximately inversely proportional to WRin CA , where w as the

angular signal frequency. The values of the parameters a and b that

were obtained from measurements of current efficiencV are plotted as

functions of wRinCA in Fags. 46 and 47. All points fell within * IS

percent of the curves that are shown. Although the current efficienty

nrvasurements should be accurate to better than * 5 percent, measure-

ment errors increase in the calculation of a and b to a point where

the accuracy of the calculated values of a and b is estimated to be

* IS percent.

The results of these measurements indicate that the theory for

waveform distortion given in Se~tiu1i I1- is valid over the range of the

measurements. The valites of a and b given in Figs. 46 and 47 may

be used for calculating detector , urrent efficiency

6 Temperature Variations

Measurements were made of the vultalle efficiency, input re-

sistance, and input t-apao itant e of detector ir( uits as functions of

temperatuie. The temperature wis varied from lOu to 500 C. a range

considerably greate. than norm,41 r eom-te.mpe-Oir, . -rdtlt1v Htg h.

impedant e detet turl haiXmg iailitti' load resstan v and large (O. 001 of)

load ( &pa iar( o and pu' be dettfors having 2 K ihr '.,d resistant e
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and large (0.001 plf) load capacitance were measured using S570G and

FDIO0 diodes. The measurements wez e made at 30 Mcps on the QJ

LUeter. For each detector the input voltage was helt constant, as the

temperature was varied, at a level at whish accurate Q Meter measure-

ments can be made. An input voltage of 3. Z volts peak was used for

the high-impedance detectors. The input voltages or the pulse detectors

were 0.35 and s.65 volts peak for the detectors using the S570G and

FDIOO diodes respectively.

The m, tsured values of voltage effit iencv, input resistance

and input capacitance are plotted as fun,ticns of temperature in Figs.

48 through 51. The measured var.dtlu of the voltage efficiency for

the high-impedance detectors is less Ihan 2 per(ent, and is therefor.

not plotted. The curves of voltage effj tent % and Input resistant.e

shown in Figs. 48 through 50 were cal ulated using thr differ-ntial

expressions, derived in Section Ill -j, for v'ariations uf tt nperature

around 20U C. The 4calculated .,ari.L.on of vultage effitnt y with temper-

ature is linear,

dev e okT
T -qt7, + I. 1RI

sin(e e v is proportional to V 1  and tht. expression ini t .he -rv., % ea

is l.so approxiniately prolortionl to V1. rh" .t41, 1 ldt.d iniput I ,bis

tanl e varies exponentialld y with t-,iperature:

dR R R  ikFo R 1I1R)

dT qT~ Rt
R 1) 1. 1. R

II b
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The calculated value of R.n therefore plots linearally with temperature

on semi -logarithmic graph paper The assumed diode parameters

given in Tables I and 2 were used in the calculations The value of

temperature coefficient of 0. 08 (degrees C)_ suggested by Schaffner

and Shea 31:a used for both the germanium and the silicon diode

The measured and calculated valles of voltage efficiency and

input resistance for the pulse detector circuits agree to within *S percent.

The calculated decrease of input resistance wit' f,-mperature is con-

siderablv greater than the measiured value for the high-impedance

detecrtors. This disurelncy is attributed to the fact that the input

resistance of high impedance detectors is dependent on the charge-

storage iatdua which is not constant with signal level, The calculated

and mcasurcd variation of the voltage effit ien, y of the high ampedant e

detectors with temperature from 10 to SO 0 C ib less than 2 percent.

The input L.*pac itan e of the detet tor t rt uito pli'ttt d in Fig % I

inc reases with temp, .ature at a rAtt ol approximatub, 0. 01 lA~t per

degree C for pulse dete~lors, ind 0.002S ppf per degree C for 'he

I igli-impedlaw- dcetet tors. The dibit us~ ion ini Set t ann 111-6 indicates

that the diode diffusion tapA( itAnt - in't , aseb with temperature. Sinace

the barrier iapat atanwte and the bulk imip, dank e also affet t the input

a.pat itan( v of thtu dete. torm (N t- Set limi 111.3) nit atleunipt is made

to talt uite thu lidlgt- of Inplo dpditjlit v ~Aith 1% mipt r.Atarv



7. Bias Currerts in Pulse-Detector Out~put Circuits

Measurements were made of the detector voltage efficiency

and input resistance as functions of input voltage with a bias current

I flowing into the det-ctor load circuit The measurements were

made at a frequency of 30 Mcps, using the transistor circuit. The

detector consisted of an S570G diode, a 2 K ohm load resistance, and

a 0.001 pf load capacitance. Biab-currents values of plus and minus

0.05 ma were used.

The measured voltage efficiencv and input resistance art plotted

in Figs, SZ and 53 respectively for the two bias -(urrent voluea, along

'cith the voltage efficiency and input resistance measured with no bias

current The values of voltage- ,,ffiq tentV and input resistante alculated

using the methods of Section III-7 Are alhtwn by broken lines The

agreement between the measured and talt ulated values is good excepi

at low input voltage where the bias ( -rrent titses large' 1 hanges in

the voltage etht em %, and input resistant e and the assuamptions made

in the derivationt arv therfore not v'did.

1 .
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V, Detector-Circuit Design

1. Review

The principal factors that affect detector-circuit operation are

discussed in the preceding sections. The detector circuit is shown in

Fig. 1. Basic terms and symbols are defined in Section 1-2. A survey

of the detector-circuit design literature is presented in Sections I-I

and 11-2. A survey of semiconductor theory that is applicable to diodes

and diode detectors in given in Sections 11-3, 11-4 and 1U.5. Neither

the detector-circuit design literature nor semiconductor theory yield

results that arc directly applicable to quantitative design of semiconductor-

r i,.Ae detectors.

A detcctor-deign theory, bliaed on semiconductor theory, ts

presented in Suition Ill. It oermits the calculatinn of detector-circui?.

performance on the haisi, of meaourements of the parametes of the

diode. The basic theory of Sections 11-. and III- I permits the caicu-

lation of voltage efficiency and input resistance of detectors driven by

sinusoidal voltage iourccs and having load time constants, RLCL large

compared with the reciprotal of the angular signal frquer.crV I/w The

detector input capacLitance is distussed, but no method 1- 4given for its

calculation in most cases of interest.

A iithotl is given in Section 111-4 for calculating voltage effitien y.

input resistance and input capacitance for detetors having 4thort load

timi. coinstants. using the (orr,'sponding values of these quantities for

a dctect(r with a large load capacitor, rhe diptortion of the detector

input volt.tge waveform remulting when the det.ctor to driven by a low-Q

turtied ci rcul t. and the ,,ff,.'t s of thit ,htortion on delften or-cirutt

(pl rati on art. di u ,,td iii Set tion III-S, A method is gi ven in Section II1-6

lZ4



for calculating the changes in detector -circuit performance resulting

-~from mode rate changes in anibicnt. temperature. The effects of AC and

DC output coupling on detector- c ircuit perform~ance are discussed in

Section 111-7. A method for calculating the rise- and fall-times of

pulse detectors driven by a tuned circuit is given in Section 111-8.

Measurements of detector -c i rcuit pCerformance are presented

in Section IV. The mcasuremcnLe are compared with calculated

dvics.LvA -oiAcuit pterformaietu Lu stablish the range of validity of the

detector-clcs.gn theory. The methods used to measure diode para-

metcrs and detector-circuit performa~ice are described in Section

IV- 1. Tile measurements from whic.h the diodc paramneters were

obtained are presented in Section IV-Z. The methods used for cal-

culating the performance of high -impedance and pulse detectors, on

the basis of the measured diode parameters, are described in Sections

IV-3 and IV-4 respettvely. Measurements of the performance of

pulie dueccturs drivet fromi low-Q tuned circuits are reported in

Section IV-5. Curves are given that permit the performance of such

circuits to be estimated.

In the following sections the application of the theory that has

been iven is illustrated by the design of sample detector circuits-

The practical considerations in th.: desigii of laigl-mpedance detectors

are d srussed in Section V-i Measurements are presented on two

isample high-impedance detectors. The praictital considerations in tile

desigii of pulse detectors are di-4ctssed in Section V- 3. Four sample

ptilse detectors are designed. aind measurements of their performance

~ r' ' ~'ii M.'am uri ,,w 11 I ii i 'm ittri' 11111 pi' r(,, 9'WI ut W~ I( ~er' AlF Ifimup

ypv-i in lrnth he gh-inpedance atnd pil st, (1e'cto r circuits are presented



in Section V-4. TI-c selection of the diode types used in the sample de-

tectors is discussed.

2. High-Impedance Detectors

High-impedance detectors are designed to have high voltage cf-

ficiency and high input resistance over a wide range of input signal

levels. In addition, it is often desirable that the input resiqitance either

remain constant with varying signal level and temperature, or be large

enough to produce a negligible change in loading over the anticipated

ranges of input voltage and temperature. A small value of input capac-

tance is often required, and the variation of input capacitance with input

voltage and temperature should be small.

A large load capacitance C L# having a low reactance at the

signal frequency. is always used in high-impedance detectors to maxi-

mize the voltage efficiency for a given load resistance and minimize the

input capacitance. A large load resistance R L is normally used to

produce high voltagc efficiency anid input resistance The vultage cf-

ficiency and input resistance increase with load resistance until'the

i4miting value determined by the diode characteristics and the voltage

mewasuring instrument is reached. Maxinitim load resistance results in

maximum voltage .'ffit ieticy and input resistance for any given d-ode.

input voltage and temperatuire. A lower load rt'sintance may result in

lower .roltagr efficiency and in a smaller input repi-4tance that varies

lcss with input volta&ge. temperatuire. and diode characteristics. in

most practic.& ii gh-ainipecance detectors the diode current i% vwry %mail

Idue to the large load resistant v.), and the diffusion capacitance to there-

fore small compa red with thuv vii rat r capactate The resitlting



detector input capacitance is approximately equal to the diode barrier

capacitance, and does not vary appreciably with input voltage and tern-

perature.

The performance of a high-impedance detector circuit (particularly

one having maximum load resistance) is largely dependent on the charac-

teristics of the diode. Fa':tors that affect the selection of diode type are

as follows:

I. Low forward voltage in the range of operating

forward diode currents (usually of the order of

microamps.) results in high voltage efficiency.

2. Low diode reverse current results in high input

resistance and high voltage efficiency.

3. Fast switching (i.e., low charge storage)

results in high input resistance at high

frequencies.

4. Low diode barrier capacitance results in low

detector aiipttt capacitance.

5. The maximum reverse voltage rating must be

larger thaf W.,. the largest peak input voltage.

Further discussion of the choice of diode type is given in Section V-4.

The measured voltage ,fficwrr,', input resistance and inrut

c;-pacita-nct of high-limpednce detectors with ImIxinumi load resast&:ee

and S570G germaniurr and FDIOO militcn diodes are plotted in Figs. 25

t-.rough 30 as functions of input voltage The voltage efficiency in

greatr than 90 percent for input voltages gre.,ter than 0. 7 volt peak

for the S570G diod,. and 2.0 volts peak for the FDIOO diode . For,

-rualler input vt-ltages the voltage effi.ency is lower The variation

IZ7



n! the voltagc. efficiency with freqiiency is negligible. The input re-

sistLance varies directly with input voltage and inversely with signal

frequency. (Sec also Figs. 22 and Z3. ) The lowest input resistance

is obtained at low input voltages where the input resistance approaches

the diode small-signal resistance, ploi-ted in Figs.. 22 and 23 a v a

function of signal frcquenLy for the S57OG and FDIOO diodes respectively.

At 100 Mcps the small -signal resistances cf the S570G and FDlOO diodes

are approximately 10 K ohms and 25 Kohms respectively.

The input capacitance of the high-impedance detector with the

S570G diode (Fig. 29) is nearly conotint at 0. 75 ILf with varying signal

,el'el. The input capacitance of the detector with the FDl00 diode

IFig. 30) increases from 0. 7 pf to 1. 2 ji~ as the peak input voltage

increases from 0. 1 volt to 5 volts.

* The variations of the detector -ci rcisit 3)arimetters with tempera-

tiire can he calculated using the results given in Section 11-6. Sample

calculationg and meastirements re'ported in Section IV-6 show that the

change in voltage efficiency of a high-impedance detector using either

diode is negligible. The calculated and measured changes of inp~ut

resistance with temperature. for an input voltage of 3.29" vol1ts peak.

are plotted in Fig. 50. The input resistance at 50 C is approximately

70 percent of the value at 20')C. The theoretical calculation predictst

a decreaLse of approximtelIy 50 percent tinder the same conditions At

low input voltages, where the detector input resitstance apprnat-hes the

diode mal)-..ignal re'%istant e the expr('qsion for the variationi of input

resiLtance with temperature derive'd mi Section 111-6 iR approximately
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d R.
in a akT* ' - - - T (small signal).

cq

Using the parameters of Section IV-6, the decrease of input resistance

with increasing temperature should be approximately four percent per

degree C for both diodes. No measurements were made to verify this

result because of the limitations of admittance-bridge accuracy for

measurements of this type. (See Section IV- 1. )

The input capacitance of the high-impedance detectors plotted in

Fig. 51 increases less than 0. 1 ppf as the temperature increases from

20 to 50 degrees C. This variation is discussed in Section IV-6.

3. Pulse Detectors

Some consideraticrns that affect the selection of pulse-detector

circuit components are as follows.,

I. A large load resistance RL gives high voltage

efficiency with good linearity at low signal

levels, high input resistance and current

efficiency, and low input capacitance. A

small load remistance produces short rise- and fall-

timtes and failitates output coupling from the de-

te ctor,

A A large valu- (%I load capacitance CL gives

high vtltauti l fictencv and low input capacitanm e.

A minall load t Apa( itant t gk%%-S short rise - and fall-

, A largt dri ving-t t rt int ru ,,.il tan A gives high

12'"



c:urrent efficiency and a current efficiency that is

more nearly constant with signal level. A small

value of driving-circuit resistance produces

more nearly constant loading on the (transibtor)

current source

4 .9A small driving -circuit capa'itance CA produces

short rise- and fall-times and may produce higher

current efficiency. A large value of CA results

in little flattening of the detector input voltage

waveform, and hence in a current efficiency that

is more nearly constant with signal level.

Desirable qualities for a diode that is used in a pulse detetor

and their influence on detector performance are as follows:

I. High forward current at the diode operating voltage

results in high voltage efficitncy.

2 Low diode capacitance results in low detector input

capacitance.

3. A diode with iow charge storage gives high detector

input resistance at high frequencv, and hetice high

current efficiency at high frequency

4. The maximum revers,.-voltage rating must be larger

than approximately twic,, the maximum peak detector

input voll ag,

The design of a diodt, re~qui res somt compromls ses among these qualities.

A pa rti'uikir diude rity be oile, rior iii litl quil it ies it lhit ixpellit of

tthro The' ltletitlii ofl a didii Ilyt (or i detlectit is therefore also a

(Plin1)roninslN
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The procedure for the design of pulse-detector circuits will be

illustrated by the design of four sample pulse detectors. The specifi-

cations for the sample detectors are given in Table 3 The center

frequency, minimim input voltage and rise-time are normally dictated

by the system requirements. The bias current is determined by the

transistor circuit to which the detector output is connected. (It may be

desirable, under certain circumstances, to buck out the bias current,

in which case the uncertainty in bias current would have to be fonsidered.)

The minimun. possible value of CL and C A' and the maximum

possible values of RA and RL are determined by the residual circuit

capacitances and losses. The sample detectors and their driving circuits

are designtd to provide maximum current efficiency over the range of

input currents irom 0. 1 to 1. 0 ma peak..

Specifications for Saniple Pulse L ete.tors

Detector Center i Min Inpt t Bias Min. C L Max. R A Min. C
Numiber Freq. Time Voltage Current

I I I
(M ops) ( s c)(volts peak) (mA) (WO i (K oh ns) (PPO~l

t O. 5 0. 1 -0. o, 20 6
3, $o 0 O. 1 0. 1 -0. or, rN -0 6

4 iO 0. 1 : o0 1 1 __ 0 b

'h" (jt, ttuttors ar. (Itrsignt d as to|l lw.

Il'l



- .The ro-etmum value of load resistance R L that

pr(IductLs a dLtcectur ouitput for an input voltage of

0. 1 volt with a bias Lurrent if -0. 05 ma is (se

Section [11-7).

R ~~0. 1 2Khi
RL ma 2 Kohois

This maximum value is used in all thme detectors in

order to produce the highest possible voltage ef-

ficiency. input resistancc. and current efficiency.

and to minimize the detector input capacitance.

(Additional specifications on detector linearity

could lead to a requirement for a smaller value of

R as9 di s us sed i n Section III-7.)

Z.The maximum value of driving-circitit reqlqtance

R A is used to obtain the highest pos!sible current

OffiCicelLy.

Trhe largest value of load capacitance (_L that Will

give the desired rise -timec is used in order to maximize

the voltage efficiency and miaimize the detector in-

put (:apatitante itrhe discussion of Section 111-4

shows that there is no advantage in increasing C L

beyond the point where t.1 C is much larger
L L

than unity.

4. Tfhe iiiiinmum value' of driving toa rcuit s.apacitance

C A is used ti. vvrimt the uist (if as large a valtie of

C .8I)M6t



When ItAis much larger than R. in the rise-time derived in

Section 111-8 is approximately

T r =22 ZR(C L+C /h)

Since the parameter h =RL/ZR in varies with signal level, the rise-

time is more nearly constant with signal level when C L is larg and

CA is small. (The converse is also true. If R.i is much larger than

R A' then the rise-time is more nearly constant with level when C A is

large and CL is small.)

Table 4

Design Valuies for Sample Pulse Detectors

Detector R L C L R A C A 1 Diode
Nub Kohnis) (VJIt) (K ohmis) (1&pf) Type

12 hIt) 20 bSS70G

2 1! 00 2 0 bSSdOG

12 Is, 20b S%70G

I2 l ~ 10 b~ S'.7OG

Dt ign values, of C 1 are obitalined 1 rtm the expression bor the r-ite-tinie

gi veni above,* ass uil g a i'nIia I ker ilt -I a PA~t-vttr 11Ii *IUnity For

(lt'tt'Ltobr Ntimber I and 4 IO 10 ip, Awld to r detutto rt Nubr i nd

4, C 1 17 pId 1o ht, on tilt AfIt .ifiv , \A.ues to 100 VVI and Is H.J wete

li.,.rt I ho invq1 iiit it I F(jtlia~i..I I sin St tion iii -8 is sattt~itd in b)oth

(as-t t Ow~ 14ll-?Imwe ai riv ti mu- Oh.nidIII,~ cequal



Table 5

Calculated Performance for Sample Pulse Detectors
(for an output voltage of 1. 0 volt)

Detector VR.i C i e 1 7
Numbe r V

(perctat) (K ohms) (POO) (percent) (gisec)

1 66.9 1.50 i.15 66.? 0.446
z 67.3 1.36 0.60 55.1 0.446
3 60.8 1.60 1.38 55.8 0.101
4 63.9 1.06 0.55 35.6 0.089

The design values for the sample pulse detectors are given in

Table 4. Type S570G germanium diodes were used because they combine

fast switching and low capacitance with moderately high forward current

and adequate back voltage ratings. Further comparison of diode types is

made in Section V-4,

The performance of the sam-ple pulse detectors was calculated

using the methods of Section 111, and tI'e diode parameters fron Table Z

in Section IV-4- (A value oi unity is assumed ior Gtw) at 15 Mcps ) The

values of C inmeasured with tuse detector having a large load capacitance

were utied in the r:a1culatiou. A load bias current IE-0 was assumed.

The detector parameters calculated for an o!ta voltage V Lof 1. 0 volt

are itiven in Table S The values of voltage efficiency,: input resistance

and input capacitance are for the detector alone,* assuming a sinusoidal

input voltage. The current rific tesi y is calculatc usinig the approximate

paramtetr values from Fig's. 46 and 47. T'he rise-time it, calculated

uming Fquation It in Sectlion 111-8 The fWI-time should be the same.
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-he sample pulse detectors were built ar d tested using the trans-

sistor driving circuit described in Section IV-I. The tuned-circuit ir-

ductances were adjusted for resonance with an input currer,t that produced

a detector output voltage of 0. 7 volt. The measured current efficiencies

for the four detectors are plotted as functions of peak input current in

Fig. 54. The calculated current efficiencies for a detector output of

1.0 volt are shown as solid points on the plot. In all cases the agree-

ment between the calculated and mieasured values is better than 10 per-

cent. The ,urrent efficiency is Lonstant to within *7 percent for input

currents between 0. 2 and 1. 26 ma peak. Below 0. Z ma. the current

efficiency decreases. At low signal levels the input capacitance de-

creases and the resonant freq~ienry of the tuned circuit rises. This

detuning results in somewhat lower values of current efficiency for

small input currents than would be obtained if the circuit were tuned

at low level. The reduction of current efticiency at low levels is

.articularly pronounced in detectur Numitwr I

l'he CW passbands of the detectors were metsured at three

signal levels, as follows- The detettor output voltage is held constant,

an the %tgnal fretpinry i% varied hv adijtsting thc input currer,! I he

bandwidth is takeit as the dfly rent v between the f requenties at which

the rt quired input current is i (b above the minilmum input t urtent.

Tne center frequent y is deflined As the a'erat ot the i db Irelquelicucol

The pc rcetntagv t ling, in the, nia suired it.tetu r I requent y is plotttd ,ts a

fun( ton of input t urrtvnt htr tht. ii r i.p t tvt .tr. In k ig '%, w th

th .,. ente r I r oqut i, t r I ni., peak inpuit k U rcent takt I% as tht re terent e

I'lhe t han i . in t toer t reqi4l' o ar'v du. to' t h,, t iii , hAnige II 111in ut 'apa, I-

t a tit o nI tlin' dvvi. to( r-
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Fig. 54. Measured current efficiency 's a function of
Input current for the sample pulse detectors. Calculated
values ore shown as solid points.
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Fig. 55. Change of tenter !requency as Fig. 56. Bandwidth as a funcsion of sig-
a function of signal level for the samnple nol level for the Samp~le pulse detectors.
pulse detector.



The GIN bandwidths oi the sample detector circuits are plotted

as functions of peak input current in Fig. 56. The bandwidths increase

with inrreasing input currcnt due to the decreases in detector input re-

sistance, (The increase of input capacitance with input current tends to

reduce the bandwidth, but this effect is smali cc, riparecl with Ol:

of the dec reas ing input re si stance .) The change of bandwidth fo r de -

tectors Number 1, Z and 3 is small in the range of input currents from

0. 08 ma to 1 ma peak because the change in input re sistance is small.

In the 100 Mcps detector (Number 4) the input reulst'knce is lower than

in the lower frequency detectors, and input currents from 0.08 ma to I

ma peak produce smaller detector input voltages than in the other de-

tectors. At lower input voltage the variation of input resistance with

input voltage is greater, as ,.howit tin Fig. 3S resulting in a larger

variation of the CW bandwidth.

It should be noted that the CW bandwidth can not be used to calcu-

late the detector rise-time, since the rise-tinit is a function of both the

detector driving circuit and the detector load c.ircuit. RI" rise *tinws of

of 0. 1 p4sec and 0. S 14set require RlF bandwidths of 7 Mcps and 1, 4 Mcps

retipcctively. Detuning of tht, re:-onant circuit rnav however, result in

the passband not covering the rcqu4 rvd freqiwncv range around the .cignal

frequency. I hi-j elfec t 1-4i inimt ,cd it the Ici r %tit is ttuned when. the input

b glial l eel 12 'vak kill- lt)we h1 tk i, use d . I'l% vua I, hAk - IIIg hitt. r lie -

quent y wath int ri-asing signal 1c'~u' arc' ccuiiptnsated for by the iflc reasung

tandwicdtl. (I his prcahIviii In Al ot he' ac~ %-.Litvd by itit reis I n the tuned

I, cit 11( apat It ant v' ( A sint I th' C W Iaandw, tlt h I s ri.'du ed Iby the 4taint

prt-porcitn as is Ow \d riatimi II In cv r I r-qulctt ) )

I lic ri , v id all l-taim -, tit thc sapia cutt't tor %I r% utts we re

137



measured using an RF pulse generator as a signal source. The de-

tector output signal was observed with a Tektronix 545 oacillopcope and

53/54 C preamplifier., The RF filter was removed frojm the detector

output. (see Fig. 17b) and the detector load capacitance CL reduced

to compensate for the capacitance presented by the -sc-lloscopc probe.

The measured rise time of the input pulse- was 0. 06 jasc The com-

bined rise-time of the oscillosLupe and preamplifier were 0.015 ec,

The detector rise-time was calculated by assuming that the overall

rise-time is tht square root of the bunt of the rquare of the pulse gener-

ator, dctector, oscilloscope and preamp.ifier rise-times. 'the accuracy

of the measurements is estimated to be *0.02 psec The rise- and fall-

times measured with a detector outp.t voltage of 1 0 volt are given in

Table 6. In all cases the agreement with the calhulated values is within

IS percent., The variation of the rise- and fall-times with signal level

is less than *10 percent tor detector output voltages trom 0 0Os volt to

1. 0 volt.

Table 6

Sample Deteitor Riot - and Fall-Times

Measured with an outpt voltage 1 0 volt,

Detector Ri se - l'i, eii 111- ITinie

Numbe r

I S.± g?0 SO!

I. 10 U W0

I I 0 O 0 I{c

I .



Oscilloscope photographs of the input to the Iransistor circuit and

the output from the sample pulse detector are showi, in Fig. 57. The phase

of the RF pulse is synchronized with the video pulse %nd the oscilloscope

trace, Figures 57a and b show the input RF pulse and the detector output

of detectors Number I and Z respectively. The sweep speed is 0. Z Vsec per

cm and the vertical sensitivity is 0. 5 volt per cm or the upper trace and

0. 2 volt per cm for the lower trace in each photograph. The RF ripple on

the 15 Mcps detector output is more than twice that on the 30 Mcps detector

output. as exp.cted. (The oscillosc ope respnnaiP in approximately 3 db

down at 30 Mops and therefore the indit.ated 30 Mcps ripple is smaller

than that actually present. I The RF input pulse and the output of detector

Number 3 are shown in Fig. 57c. The sweep speed is 0. 1 4isec per cm.

and the vertical sensitIVL..Cs are the same as in Figs 7 a and b, The

shorter rise- and fall-times and more pronounced RF ripple as %nornpared

with detector Number 2 are evident. Figure S7d shows th output of the

100 Mcps detector (Number 4). The sweep speed is 0.1 sec per cm and

the vertical sensitivity is 0. S volt per cm., Figures 'ie anJ f show the

oitput of detestur Number i with output voltages of 1 ( volt and 0. 1 volt

respectively., rhe, sw..ep speed is 0, 1 4set per cm and the vertical

sensitivities are 0. 5 volt uer l and 0.0 volt per -ni respttively., The

constancy of the rise- and iall-tin ,s with signal l.'vel i% evirent.

MWas tirenlentb wer matuta'' of the pvr'ormant e of tht, sample de-

tectnr citits as a iuntt iu: o tempt ratuic tron IIt) it) 10')C. ihe var'-

ations .n gain. t enter fre u ict y nd out put resistante ot tht. transistor

ri ut load d w t hi atixed r e r wert, Iilas ured t,'\t'r this temperature

rangv 4 . ltat,,A| it,.In tr |ligihl, d \vih 0 . ritmim, re'sA ti g

I row the pulse fivicttor,.. lii \ariAtitoti t-2 , 'irivinl vtttit % with



(o) (4d) o~
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(c) 1f

Fig. 57. Oscilloscope photographs of sOmpIe pulse detector waveforms. The detec-
tor outpu pulses and Input RIF pulses for detectors Number 1, 2, and 3 am shown in
(a), (b), and (c) respectively. The detector output pulse of detector Number 4 is
shown in (d). Sweep peeds are 0.2 psec per cm in (a) and.(b), and 0.1 pwc per cm
In (c) and (d). Output puses from detector Numtbe 3 having amplitud, of 1.0 volt
and 0.1 volt ore shown in (e) and (f) respectively, with a sweep speed of 0.1 psec
PIK cm.
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temperature was measured for input current levels of 0. 1 ma and 1. 0 ma

peak. Figure S8 shows the results obtained with detector Number 3. The

current efficiency is constant to within 4 percent for 1. 0 ma input and 6

percent for 0. 1 ma input. The variations in current efficiency calculated

using the approximate method described in Sectit. 1 11I-6 are shown as

broken lines in Fig. S8. The agreement is within S percent for 1. 0 ma

input and 30 percent for 0. 1 ma input. The large discrepancy between the

calculated and measured current efficiency for 0. 1 ma input is attributed

to the detuning of the resonant circuit due to changes of the detector input

capacitance. At low input current the detector input capacitance decreases,

causing detuning of the resonant circuit and a reduction of the measured

current efficiency. As the temperature increases, the input capacitance

increases, bringing the resonant circuit into tune again. Similar results

were obtained for the other detectors.

The CW passbands of the sample detectors were measured as

functions of temperature with mid-band input current levels of 1. 0 and

0. I ma peak. The percentage change of center frcqiiency for a mid-

band input current of 1. 0 na is plotted as a function of temperature in

Fig. 59 with the center frequency at 20C taken as a reference. The

center frequency decreases approximately 0. 1 percent per degree C

increase in temperature for all the detectors. This decrease is in good

agreement with the increase of input capacitance with temperature shown in

Fig. S ,. Similar results ire n itained with an input current of 0.1 ma

peak. The CW bandwidths of the samtple detector circuits increase some-

what vwth increasin& temperature due to the decrease of detector input

resistance. In all cases, the measured change is less than 20 percent over

tht, range of tessiperaturt, % riations. 'lih t rease in1 dco.%.or iait irt -

14 1
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Fi?. 58. Measured and calculated current efficiency as
a fction of temperature for sample pulse detector Num-
br 3 at two ;gnal levels.
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Fig. 59. Meostited Klhuoe of centet frequency
as a function of temperature for the bomple pulse
detectors with 1 .0 ma input current.
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sistaflee over this temperature range in of the order of 30 percent, and

the increase in tuned circuit capacitance due to the inc reasing detector

input capacitan4"e is approximately 10 percent. The change in bandwidth

resulting from these changes is in good agreement with the measured

bandwidth variations.

The rise- and fall-times of the sample detectors were measured

as functions of temperature. No measurable variation was observed in

any of the sample detectors over the temperature range from 10 to 50 0

4. Diode Types

Measurements were made to comparc the performance of several

diode types in both high-impedance and pulse detectors. At least thvree

samples of each diode type were measuired in order to obtain estimates

of variatiucu oft Linz nasurcd paramctcrz from diode to diode. The diiode

types used in the measurements are listed in Table 7, along with the

diode material, manufacturer, niaximum - reve roe -voltage rating, and

specified revers rc t ry time. Since the reve rpe - recovery time depends

an the charge stored in the diode, diodes having short reverse- recovery

tirs-eme (fast switc:hing)should also have small charge-storage factors amid

there fore give high detector input resistance. Diode types having short

revcrxe- recovery time we!re thct'efort, selected for the mecasurements.L

(rhc IN64 iii a ccpaativelv, O'w- Mtwlrhing diode that is included for

comparition.) Since the revi'rse-recovery times for the various diode

typep, are not speci fied unrle'r thn' xamrn conditionx, direct comparisons

of the values are niot, in general. valid.

Ithe input resistance andi inpitt cap~acitanlce of high-impedance
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detectors using several samples of the various diodes, maximum load

resistance, and an input voltage of Z. 5 volts peak were measured at a

signal frequency of 100 Mcps with the Q meter. The results are piottel

in Figs. 60 and 6l. At this input voltage the voltage efficiency of the

high-impedance detector circuit approaches unit, for all the diodes.

Among the germanium diodes measured in high-impedance de-

tectors, the SS700 and the HDZ964 gives high input resistancc &nd low

input capacitance. The SS7OG diode was selected for use in high im-

pedance detectors on the basis of availability., The HDSOOI silicon

diode gives the highest input resistance and lowest input capacitance

among the silicon diode neasured. It was not, however, available in

quantity at the time. The FDIOO diode was selected for the high im-

pedance detector neasurements since it was also used in the pulse de-

tectors. Its performance is comparable to that of the IN916 diode. Both

diodes are inferior to the SS70G for use in hilgh iztiopdance detectors.

The voltage officiency, input re ttance and input capacitance

of pulse detectors with the various diodes., a load resistance of 2 K ohnis

and a load capacitance of 47 Lpl were masured with the Q meter at a

mignal frequency (if 100 Mcpa The (etectors using germanium diodes

were measured with an input voltage of 0. 35 volt peak. Those using

silicon diodes were measared with 0., S4 volt peak. The result of t',e

measurements are plotteJ in Yigs. 62 through 64. The current ef-

ficiency that %ould be obtained with A drivng-,. irct it resistance R A

much larger than the detector input resistance Rin is given by

e Kv in'ei 1F (HA Rn



FREQCNCY IoePS

GORMANIUM SILICON

'O r- I 1 I I
soi

-_ I

'° i I40

Go -

IN64 S347G S57OG CTP6 5 D,i6 o ? 96 tOjNi4 FOIO0 INSW "DO01

DOC T ' r

Fig. 60. Input resistance of high- impedance detectors using various diode types.

rmroaouNy IOOmcps
GE RMANIUM 5oLICON

20

: t

00

04

-- I

t'IOC). TN'.'!

Fig. 61. Input capacitance of hgh-mpodance detectors using voious diode typos.
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Fig. 62. Voltage efficiency of pulse detectors using various diode type.
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Fig. 63. Input resistance of pulse detectors using various diode types.
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Fig. 64. Input capacitance of pulse detectors using various diod types.

CLCL  4 Nio,

FREQUENCY • OOl0cps

GEVANIUM V 035 SILICON V.055

40

'4•

0 W44 S.347. S5?OG 0101M~ O' * 40.1%. 040ZV4 I O0"

W" I lYPI

Fiq. 65. Current efficiency of pulse detectors using vorious diode types.

148



This current efficiency was calculated for each diode measured. The

results are plotted in Fig. 65.

The S570G diode was selected for the pulse detector circuits

because it gives the lowest input capacitance and close to the highest

current efficiency among the germanium diodes t, ited. The I-ID2963

diode gives slightly higher current efficiency at the expense of a much

larger input capacitance. The lIDS001 diode is outstanding among the

silicon diodes tested for pulse detectors since it gives a current ef-

ficiency approximately three times that given by the next be.st diude,

and has the lowest input capacitance. luwever the HD5001 diode was

not readily available at the tim,. Of the remaining silicon diodes,

the FDI00 gives a higher current efficiency and a lower input capacitance

and was therefore used in the pulse detectors.

14"



VI. Summary and Conclusions

The design of serniconductor-diod* detectors intended for use

with lctw-level transistor circuits in the 10-100 Mcp. frequency range

has been investigated. A study of the literature on d!etector-circuit

design and semiconductor-diode theorv has been mad . A survey of

the applicable literature appears in Section II. As a result of the

complex nature of the semiconductor diode, detector-circuit analyies

using simple diode equivale- . circuits do not yield accurate results.

Om the other hand. the results of theoretical studies of diode operation

are too complex to be used for practical circuit design.

The detector-design theory that is pre,ented in Section Ill

makes use of semiconductor-diode theory, with simplifying approxi-

mations. The thcory permits calculation of detector -circuit per-

formance in the basis of measurements of diode parameters. The

:neasured performance of high-impedance and pulse detectors using

both germaniuim and 4ilicon diodes is compared in Section IV with

th. p-rf,1rn;nce cdlcul.\ted using the design theory. The agreement

between measuri.di and ca5t ulated p,.rformanre is good over moderate

ranges of signal level.

The voltag- 'flicient y of high -impedance dtte.itors Is d4.curatelv

predictable: for inplt voltage-s greater thin one or twvts tenths of a volt

peak. The usefulnet;n o(f th ' d'sign thi.ory for predicting the input

resistance of a high-imp a.ian(e dvte ctor is limited by the diffi.ultly

of ac c urat'l y nwaMtring the r ha rge -storAge fac'tor in some diodes,

.,1d by an apparent increasv in th,. charg e-%torage factor with signal

i,.vel . Si te high-imp(da nce _, 1,,.tors are normally designed for

ftigligible loaid ig , t1his litiwatioti I not serimis

lI (



The range of signal level over which the calculations yield

good agreement with measured pulse detector performance is governed

by the range over which the assumed diode utatic cnaracteristic closely

appruxiitcz to thc- actual charRcteriti" In the examples of Section

IV, the agreeme~nt is good over a range of input % -itages of approxi-

mately a decade for the germanium diode and approximately a half

decade for the silicon diode. It should be possible to obtaits good

agreement over other ranges of input level by using different assumed

characteristics .

The input cap!Icitance of a pulme detector is not predicted

accurately by the detector -design theory as a result of bulk inductance

in the diode. The input capacitance of detectors using diodes such as

those measured is of the order of 1.0 pl±f and v.aries only slightly with

signal level and temperature. These variations are explained by the

design theory. The change in detector input capac-.tance resulting

from a change of detcctor load capacitance can be #calculated on the

basis of the theory.

At very high signal frequencies the bulk impedance of the semi-

.±ic- 4r ',I'nm' i npreciahl. compared with the barrier im-

pedance, and some of the approximations used in the design theory

are not valid. The voltage efficiency is no longer constant with ire-

quency and the input resistance is higher than the theory predicts.

These effects have been observed in !)ulse dete~ctors using compAra-

tively slow -switching diodes (e p , 1N64) in the 10-100 Mcps fre-

quchcy range. Tht theory appearst to lip valid to frequencies at leasPt

as high as 100 Mcps for thie other diodes that were mean',retl (tie



Section V-4), all of which (with tf~e exception of the S347G and

CTP685) have specified reverse -recovery times below ten milli-

microseconds.

The effect of low-Q driving circuits on detector performance

can be estimated using the results of Section 111-5 at I~ the parameter

values shown in Figs. 46 and 47. Although the resulting change in

current efficiency is small in most practical cases, substantial

errors in voltage measurements may occur if the flattening of the

input voltage waveform is not taken into account.

Theory is presented in Section If-o that describes the changes

~detector -circuit performance with moderate variations of tempera-

ture. The agreement with experiment is good over a range of temper-

-- ature considerably larger than normal room -temperature variations.

The. varations in performanc are approximately the same for

detectors using germanium and ailoun diodes.

The application of the theory to the practical design of high-

* impcdancc and pulse detectors is given in Sections V-2 and V-3

respectively. Sample designs have been c.,rried out for both types

of detectors. Meaptiremnents of the performance of the sample

detectors are reported. Additional measurements that compare the

pt'rformane ui of variety of diode types in both liigh-itnpcdance and

pulse detector c ircuits are presented in Section V .4
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APPENDIX A

Solut.,on of the Simplified Diffusion Equation for Larp'~e AC Si inals

The simplified ditfiasion equation, boundary conditions anid cur-

rent equation given by Shockley 8 ' 9 for a planar diode having wid 5 dif -

fusion region@ are an follows:

&P p-pn + D

j ex

The symbols used here are defined iii Setion 11-3, Figure 7a shows the

diode configuration that is assumed

Taking (p -pn ) at; the independent variable, the diffusaua equationa

is solved by separation of variab1usi

't+~ T

wherv 1 11 i a Faraantter ind 1. - 1) P 1 Applyinag tlv buuaaddrN

B :0



D oJ/kT 7n t

p-p pn (e - I) 1 An

n

Assuming an applied junction voltage of the fus um

VD= V %;oS wt- VL

and letting the parameter yn take on values,

yn njw, for naO,* 1, *., etc.

the solution takes the form of a Fourier reries:,

(V o, wt - V)q 1
.p Le kT njn,.t

The coeffcients A are found by Fourier analysis:
111

VLq

iu kT J

VLq

h1 = ) , ( e rn fo n

The~ holl dennat , ~gv,,n 6



C- - ile- 1e 'P

V [e,, L - jnwT

-R L~j~ L P

Ljw p fir + jnwT 1
1

The hole current density J xat the junction is

o kT

The components of the diode hole current are given by

qAp D L~

po j Tr k 1

qAp D %L

-, kr-.1 h l +Y5 ~ jwT

Vq
qApD

P I IA P

W hen the siaIignA l a)proxiit ions.



4 - q

In ) 0 for nt0, 1,

are used, the,.e results aRree with those of Shockley. 8, 9

Correbpond ig expreoaions can be derived for electron Lurrent

The componentm of the total diode current are

1o 11 s ffo ( ) " I ,

L qV L[ TL)

(wide plaz, r diode),

V q  p- ,n n r:" -'k"-'

IDp 
n

VOq (V D pp n T jZ,,T Dvnnn W" + j W n
Z -q A - -, ( ) + " P.

p n

(wide plar.ar diode),



vD P 1 D n n
VLq r-Z WF r

21 S  e 'i tv I P n .,
S"D-Pn Dn n

L

eti

The quantities IS. L P and Ln. used here are those defined in, S. ction

1H-3 that apply to the wide planar diode. It can be shown that the same

solutions for the tut.&I divdv current are obtained for a narrow planar

'4 ude and a hemspherit diode if the €orreaponding expressions for

hs e L and L from Se trouts II 3 art. uat-d. The solonM for
these cases follow that pres.ented buv.,



APPENDIX B

Calculation o the Derivatives of Detector Paramett rs with Respect to
Reverse-Saturation Current

The detector voltage efficiency ev is calcilated from the ex-

pression given in Section I114:

vL  VL/cL + e L 10 lc N O

where the reverse resistance K R is included in the load resstance RL

The detector input voltage V is held constant and the derivative of V L

with respect to IR is 4-alculated.

VL

dIRV/( 1]_ +J - RLo /C

R (V/V) e

VL VL R1 VI1

I d V

R :



Rearrangi.,; terms,

d'VL 'L c

The normsalized derivative of voltage efficiency e., wit, respe~ct toIR

is then given~ by

Ide V de dvL

Rt L ;L R

The detecto- input re'sistant e Rt i nd inpult.& pi. i'anv C i

art- calciiated using the~ diolt, AC t urrehi II'The portion of the diuee

AC current du'e to diffusion ilow 1, itoie bNy t' e 'ol 111-3).

1 21 V L, q . "s(jI B -%

x -J

The it rivative is talt aIdted ,ab t.%!!owb

1 V V L

+ I IV I j l III.1-I

I bo



eVL/C c + RLL= - L /• I, (V/c) [G(w) + j B(w)] eL+ R O R

LL +D C RLL R

I1 (c+RL )

IR (VL + c 4 LI t )

The portion of the detector iniput resistance due to diffusion current is

given by

It a V G(W) + j B(w)

The normalised derivative of RD with respect to ' R is

dR G(W) d11I. dD IDG() V CA(w) + B( D

I 
D

c + R LI R

I IV +j T -rW;." "x L L R- L

The portion of the detector input capacitance due to difftht sn current

ks given by

C D B(W)
D 6V"1)

The normiahzed lerivative ol C1) wih respect to IR t,

|t.l
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